




	  	  	  	  	  
	  
DOTTORATO	  DI	  RICERCA	  IN	  
BIOLOGIA	  AVANZATA	  
XXVIII	  CICLO	  	  
	  
LOCAL	  ADAPTATION	  AND	  GENE	  FLOW	  IN	  




Coordinatore	   	   	   	   	   	   	   	   Candidata	  









ABSTRACT	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  2	  
INTRODUCTION	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  4	  LOCAL	  ADAPTATION	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  12	  RECIPROCAL	  TRANSPLANTING	  EXPERIMENT.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  16	  RELATIONSHIP	  BETWEEN	  LOCAL	  ADAPTATION	  AND	  PHENOTYPIC	  PLASTICITY.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  17	  MOLECULAR	  APPROACH:	  EST	  SSR,	  LINK	  BETWEEN	  GENETIC	  AND	  PHENOTYPIC	  VARIATION.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  19	  THE	  EDAPHIC	  FACTOR	  AND	  SERPENTINE’S	  CHALLENGE.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  20	  SERPENTINE	  SOIL	  IN	  ITALY	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  30	  STUDY	  SPECIES.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  33	  OBJECTIVES	  AND	  OUTLINE	  OF	  THE	  THESIS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  38	  
MATERIALS	  &	  METHODS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  41	  DNA	  EXTRACTION	  AND	  EST	  SSR	  GENOTYPING	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  43	  DESCRIPTIVE	  STATISTICS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  44	  POPULATION	  STRUCTURE	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  45	  CHARACTERIZATION	  OF	  SOILS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  47	  MORPHOLOGICAL	  VARIATION.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  48	  TRANSPLANTING	  EXPERIMENT	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  49	  PLANT	  METAL	  CONTENT	  ANALYSIS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  51	  
RESULT	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  53	  DESCRIPTIVE	  STATISTICS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  53	  POPULATION	  STRUCTURE	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  56	  SOIL	  ANALYSIS.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  60	  MORPHOLOGICAL	  VARIATION.	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  61	  TRANSPLANTING	  EXPERIMENT	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  63	  PLANT	  METAL	  CONTENT	  ANALYSIS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  69	  
DISCUSSION	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  73	  
CONCLUDING	  REMARKS	  -­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐-­‐	  80	  

















Species	   abundance,	   distribution	   and	   diversification	   are	   influenced	   by	   environmental	  factors,	   and	   understanding	   “how”	   is	   central	   questions	   in	   both	   ecology	   and	   evolution	  (Schluter,	   2009).	   Environment	  may	   be	   defined	   as	   the	   surrounding	   of	   a	   living	   organism,	  thus	  environmental	  factors	  are	  all	  the	  external	  forces,	  biotic	  or	  abiotic,	  that	  affect	  the	  life	  of	  an	  organism.	  Broadly,	  environmental	  factors	  are	  classified	  as:	  biotic	  factors,	  climatic	  factors	  (precipitations,	  temperature,	  humidity	  or	  wind),	  physiographic	  factors	  (latitude,	  longitude	  or	  altitude),	  and	  edaphic	  factors,	  including	  physical,	  chemical	  and	  biological	  characteristics	  of	   soil.	   Each	   of	   these	   factors	   doesn’t	   act	   individually,	   but	   interacts	   with	   others	   creating	  different	   types	  of	  ecosystem	  that	   influence	  the	  existence	  and	  success	  of	  an	  organism.	  For	  this	   reason,	  natural	   landscapes	  are	  highly	  heterogeneous	  resulting	   in	   selection	  pressures	  that	  differ	  between	  ecosystems.	  In	   a	   certain	   range	   of	   environmental	   condition	   organisms	   perform	   better	   and	   this	   is	  referred	   as	   the	   range	   of	   the	   optimum.	  When	   some	   important	   features	   of	   environmental	  conditions	  mutate,	  species	  changes	  in	  response.	  If	  these	  variations	  are	  within	  the	  limits	  of	  tolerance	   species	   remain	   constant	   in	   spite	   of	   changing	   external	   habitat:	   this	   tendency	   is	  known	  as	  homeostasis,	  the	  property	  of	  (a	  mendelian)	  population	  to	  equilibrate	  its	  genetic	  composition	   and	   to	   resist	   sudden	   changes	   (Lerner,	   1954).	   Moreover,	   when	   the	  environmental	  factors	  change	  beyond	  a	  certain	  level	  they	  may	  affect	  the	  performance	  and	  fitness	  of	  organisms.	  Environmental	  changes	  could	  be	  beneficial,	  but	  most	  will	  be	  stressful	  (Fisher,	   1958).	   	   Organisms	   can	   react	   to	   stressful	   changes	   trough	   three	   general	   and	   non-­‐exclusive	  mechanisms	  (Larcher	  et	  al.,	  1973):	  





• evolve	   resistance	   increasing	   stress	   tolerance,	   reducing	   sensitivity	   or	   enhancing	  plasticity;	  	  
• activate	  recovery	  mechanisms	  as	  regeneration	  of	  damaged	  tissues	  or	  cellular	  stress	  responses.	  	  While	  animals	  can	  use	  all	   three	  strategies,	  plants	  cannot	  run	  away	   from	  stresses	  and	  are	  more	   likely	   to	   emphasize	   dormancy,	   stress-­‐resistance	   or	   stress-­‐recovery	   mechanisms	  (Huey	   et	   al.,	   2002).	   For	   the	   same	   reason,	   plants	   should	   tolerate	   a	   broader	   range	   of	  environmental	  conditions	  showing	  greater	  phenotypic	  plasticity	  and	  experiencing	  stronger	  selection	   in	   nature	   due	   to	   their	   sessile	   growth,	   (Bradshaw,	   1972	   Thus,	   in	   plant	   species	  phenotypic	  variation	  may	  occur	  and	  could	  be	   the	  result	  of	  both	  phenotypic	  plasticity,	   i.e.	  ability	  of	  a	  genotype	  to	  modify	  the	  phenotype	  without	  genetic	  changes	  (Schlichting,	  1986;	  Ghalambor	  et	  al.,	  2007),	  ),	  and	  local	  adaptation,	  i.e.	  evolution	  of	  traits	  adapted	  to	  a	  specific	  habitat	   due	   to	   divergent	   selection	   pressures	   (Linhart	   &	   Grant,	   1996;	   Silvertown	   &	  Charlesworth,	   2001;	   Kawecki	   &	   Ebert,	   2004)	   whereas	   low	   gene	   flow	   occurred	   among	  populations	  (Lenormand	  2002;	  McKay	  &	  Latta	  2002;	  Raesaenen	  &	  Hendry	  2008).	  	  





morphological	  and	  physiological,	  with	  different	  mechanisms,	  resource	  costs	  and	  ecological	  implications;	   he	   postulated	   that	   morphological	   plasticity	   is	   essentially	   meristematic	   in	  character	   and	   involves	   replacement	   of	   existing	   tissues	   by	  new	  plant	   parts	  with	   different	  characteristics,	   while	   physiological	   plasticity	   occurs	   in	   differentiated	   tissues	   and	   it	   is	  usually	   associated	   with	   a	   change	   in	   properties	   brought	   about	   by	   reversible	   subcellular	  rearrangements.	  Moreover,	  first	  kind	  of	  plasticity	  appears	  to	  present	  a	  highly	  cost	  solution	  than	  the	  second	  one,	  in	  which	  the	  response	  can	  be	  much	  rapid,	  occurring	  in	  existing	  cells.	  Further,	  Grime,	   reviewing	  Bradshaw’s	  concept	  of	  plasticity,	   supposed	   that	  pattern	  due	   to	  plasticity	   cannot	   evolve	   independently	   of	   habitat	   and	   it	   is	   impossible	   to	   consider	   them	  regardless	  the	  selection	  mechanisms	  that	  operate	  in	  parallel	  on	  other	  (Grime,	  1977;	  Grime	  et	  al.,	  1986).	  Grime	  suggested	  that	  the	  two	  forms	  of	  plasticity	  have	  consistent	  associations	  with	   distinct	   sets	   of	   traits,	   coinciding	   with	   particular	   habitats	   and	   ecologies.	   From	   this	  point	   of	   view,	   Grime	   hypothesized	   three	   “adaptive”	   response	   strategies	   for	   plant	   in	  changing	  environment:	  	  	  
• competitive	   strategy,	   occurred	   in	   environments	   characterized	   by	   low	   disturbance	  and	  low	  stress;	  	  
• ruderal	  strategy,	  occurred	  in	  environments	  with	  low	  stress	  and	  high	  disturbance;	  










	  a 	  	  	  	  	  	  b 	  
Figure	  	  1:	  Examples	  of	  norm	  of	  reactions.	  	  
Figure	  a	  shows	  all	  possible	  phenotype	  values	  depending	  on	  changes	  in	  environmental	  variable;	  in	  this	  
case	  norm	  of	  reaction	  is	  represented	  by	  the	  Gaussian	  curve.	  
Figure	  b	  shows	  phenotype	  values	  in	  two	  different	  environments:	  in	  this	  case	  norm	  of	  reaction	  is	  















one	   trait,	   instead	  another	  one	  and	   the	  efforts	  of	   receive	   information	  on	   the	  environment	  (Callahan	   et	   al.,	   2008).	   In	   addition	   is	   important	   to	   note	   that	   while	   phenotypic	   costs	   are	  genotype	   specific	   but	   environment	   dependent,	   plasticity	   costs	   are	   genotype	   specific	   but	  global,	   that	   mean	   existing	   in	   all	   environment	   (Murrem	   et	   al.,	   2015).	   DeWitt,	   in	   1998,	  supposed	  that	  plasticity	  has	  not	  only	  costs,	  which	  could	  lead	  to	  reduce	  fitness	  when	  a	  trait	  is	  produced	  via	  plasticity	  rather	  than	  constitutively,	  but	  also	  limits,	  relate	  to	  the	  inability	  to	  produce	  the	  optimal	  trait	  value.	  From	  this	  point	  of	  view,	  he	  considers	  costs	  of	  plasticity:	  	  
• maintenance	   costs	   of	   the	   sensory	   and	   regulatory	   mechanisms	   that	   produce	  plasticity,	  
• costs	  of	  inducible	  phenotypes	  against	  costs	  paid	  by	  fixed	  genotypes	  to	  produce	  the	  same	  phenotype,	  
• information	  acquisition	  costs	  obtained	  during	  environmental	  sampling,	  and	  genetic	  costs	  such	  as	  linkage	  of	  plasticity	  genes	  with	  genes	  conferring	  low	  fitness	  (De	  Witt	  1998).	  	  On	  the	  other	  hand,	  limits	  include:	  
• information	  reliability	  	  
• limits	  associated	  with	  imperfect	  correlations	  between	  the	  cue	  that	  triggers	  plasticity	  and	  the	  true	  state	  of	  the	  environment,	  
• 	  lag	  time	  limits	  where	  there	  is	  a	  delay	  in	  sensing	  and	  responding	  to	  environmental	  information,	  	  
• developmental	   range	   limits	   if	   plastic	   development	   is	   incapable	   of	   producing	  extreme	  phenotypes	  that	  are	  possible	  through	  fixed	  development,	  





instead	   of	   plastic	   response.	   	   Moreover,	   if	   population	   are	   located	   in	   homogeneous	  environment	  and	  the	  migration	  rate	  is	  low,	  plasticity	  could	  be	  lost	  due	  to	  neutral	  process	  as	  drift	  (Crispo	  2006).	  It	  clears	  that	  with	  phenotypic	  plasticity,	  the	  environment	  plays	  a	  dual	  role	   in	   evolution:	   it	   creates	   both	   phenotypic	   variation	   and	   selects	   among	   that	   variation.	  Plasticity	  allows	  colonizing	  novel	  environments	  increasing	  the	  potential	  for	  future	  adaptive	  genetic	  divergence	  (Price	  et	  al.,	  2003;	  Crispo,	  2007;	  Ghalambor	  et	  al.,	  2007).	  	  Plasticity,	   as	   response	   to	   environmental	   variations,	   must	   be	   adaptive	   regarding	   the	  environment	   disturbances,	   but	   fitness	   could	   be	   not	   likely	   to	   be	   enhanced.	   This	   happens	  because	   even	   if	   some	   traits	  may	   be	   plastic,	   others	  may	   be	   under	   natural	   selection,	   thus	  constraints	  and	  trade-­‐off	  may	  result	  in	  a	  maladaptive	  response.	  	  Since	  evolution	  is	  generally	  defined	  as	  a	  change	  in	  gene	  frequencies,	  the	  variants	  associated	  with	   environmental	   conditions	   and	   plasticity	   are	   frequently	   classified	   as	   "nongenetic"	   in	  nature,	  and	  therefore	  unimportant	  for	  evolution	  (West-­‐Eberhard,	  1989),	  but	  starting	  with	  Bradshaw,	   some	   authors	   proposed	   that	   plasticity	   might	   have	   a	   heritable	   genetic	  component.	  This	   issue,	  however,	  has	  been	   for	   long	   the	  centre	  of	  numerous	  controversies	  (Via	   et	   al.,	   1995),	   and	   the	   principal	   debate	   was	   whether	   selection	   can	   act	   directly	   on	  plasticity	   or	   plasticity	   is	   indirectly	   selected	   through	   selection	   in	   other	   trait	   (Scheiner	   &	  Lyman,	   1989;	   Schlichting	   &	   Pigliucci,	   1993;	   Via,	   1993).	   However	   assuming	   this	   link,	   if	  plastic	   response	  enhances	   local	  adaptation,	  plasticity	  would	   increase.	  Thus,	  plasticity	  can	  be	   an	   important	   factor	   in	   the	   evolution	   of	   diversification,	   and	   the	   effects	  may	   be	   either	  positive	  or	  negative,	  relating	  on	  the	  nuances	  of	  the	  specific	  system	  (Crispo,	  2006).	  	  	  

























away	   criterion	   (Kawecki	  &	  Ebert	  2004),	   that	   assesses	   if	   local	   genotype	  has	  on	  average	  a	  higher	   relative	   fitness	   in	   its	   own	   habitat	   rather	   than	   in	   another	   habitat.	   Fitness	   can	   be	  estimated	  with	   floral,	   vegetative,	   and	   survival	  measurements.	  Kawecki	   and	  Ebert	   (2204)	  argued	  that	  an	  overall	  local	  vs	  foreign	  pattern	  would	  be	  better	  support	  for	  local	  adaptation	  even	  with	  unsatisfied	  home	  vs	  away	  criteria.	  This	  because	  intrinsic	  effect	  of	  habitat	  quality	  may	   bias	   the	   interpretation	   of	   divergent	   selection:	   an	   adapted	   population	   in	   local	   site	  might	  have	  higher	  fitness	  in	  non-­‐local	  one,	   if	   the	  non-­‐local	  habitat	   is	  richer	  than	  the	  local	  one.	  	  










to	   be	   either	  phenotypically	   flexible	   or	   genetically	  variable.	   Several	   studies	   comparing	  congeneric	   species	   (Cumming,	   1959;	   Marshall	   and	   Jain,	   1968;	   Jain,	   1979),	   have	  found	  evidence	   that	   one	   of	   the	   species	   is	  more	   genetically	   variable	   and	   the	   other	  more	  phenotypically	  plastic.	  One	  study	  (Grant,	  1974)	  has	   found	  differences	   in	  genetic	  variation	  and	  phenotypic	  plasticity	  among	  adjacent	  populations	  of	  a	  single	  species.	  	  	  





genes.	  Furthermore,	   if	  these	  markers	  are	  genetically	  mapped,	  genomic	  regions	  of	   interest	  such	  as	   those	  under	   selection	  or	   involved	   in	   reproductive	   isolation	  can	  be	   identified	  and	  compared	  between	  species	  (Bodénès	  et	  al.	  2012).	  The	  use	  of	  EST-­‐SSRs	  is	  of	  great	  interest	  for	   genetic	   studies	   because	   they	   link	   genetic	   variation	   to	   potential	   adaptive	   traits.	   High	  gene	  flow	  might	  prevent	  local	  adaptation	  unless	  genomic	  areas	  involved	  in	  that	  adaptation	  are	   under	   strong	   selection	   (Via,	   2012).	   Markers	   that	   show	   higher	   differentiation	   than	  expected	   under	   neutrality	   (outlier	   loci)	   between	   species	   or	   populations	   with	   different	  environmental	  niches	  could	  point	  towards	  a	  gene	  involved	  in	  local	  adaptation.	  Using	  EST-­‐SSRs	  to	  identify	  outlier	   loci,	  which	  potentially	  represent	  or	  are	  linked	  to	  candidate	  genes,	  provides	   a	   targeted	   search	   method	   for	   markers	   that	   have	   putative	   functions	   related	   to	  environmental	  adaptations	  in	  species	  that	  do	  not	  have	  a	  sequenced	  genome.	  For	  example,	  a	  study	   looking	   at	   populations	   of	   sunflowers	   (Helianthus	   annuus)	   with	   differences	   in	  adaptations	  to	  drought	  and	  salt	  conditions	  using	  EST-­‐SSRs	  (some	  with	  putative	  functions	  in	  drought	  and	  salt	  tolerance)	  found	  that	  a	  substantial	  proportion	  of	  the	  outliers	  detected	  are	  linked	  to	  genes	  with	  putative	  abiotic	  stress	  response	  functions	  (Kane	  and	  Rieseberg	  2007).	  Currently,	   studies	  using	  EST-­‐SSRs	   to	  detect	  outliers	  are	   limited,	  but	  are	  growing	   in	  plant	  species	   (Kane	   and	   Rieseberg	   2007;	   Lind-­‐Riehl	   et	   al.	   2014;	   Scotti-­‐Saintagne	   et	   al.	   2004;	  Sullivan	   et	   al.	   2013).	   These	   outlier	   loci	   are	   candidates	   for	   further	   investigation	   through	  sequencing	   and	   genetic	   mapping	   to	   examine	   the	  molecular	   basis	   for	   differentiation	   and	  confirm	  potential	  involvement	  in	  local	  adaptation.	  Studies	  to	  associate	  observed	  nucleotide	  diversity	  with	   phenotypic	   variation	   in	   larger	   populations	   along	   environmental	   gradients	  are	  still	  trying	  to	  confirm	  the	  involvement	  of	  these	  candidate	  genes	  in	  local	  adaptation.	  	  	  











	  	  	  	  	  	  	  Figure	  	  2:	  Soil	  profile	  example.	  





of	  Al,	  Fe	  and	  Mn,	  and	  by	  deficits	  caused	  by	  leaching	  or	  decreased	  availability	  of	  P,	  Ca,	  Mg	  and	  some	  other	  micronutrients,	  especially	  Mo,	  Zn	  and	  B	  (Narro	  et	  al.,	  2001;	  Sumner,	  2004;	  Welcker	   et	   al.,	   2005;	  Kovaåeviã	   et	   al.,	   2006;	   Jovanoviã	   et	   al.,	   2006;	  Ðaloviã	   et	   al.,	   2007).	  Acidity	  restrains	  root	  growth	  and,	  consequently,	  the	  uptake	  of	  water	  and	  mineral	  nutrients.	  Plant	   community	   associated	   to	   limestone	   is	   another	   example	   of	   vegetation	   in	   stressful	  habitat;	   this	   substrate	   resulting	   from	   precipitation	   and	   litification	   of	   calcium	   carbonate	  (Lloyd	   and	  Mitchell	   1973;	   Lousley	   1950;	   Shimizu	   1962,	   1963)	   and	  many	   of	   the	   earliest	  observation	  in	  plant-­‐soil	  interaction	  were	  made	  on	  limestone	  landscape.	  	  
a 	  b 	  
Figure	  	  3:	  Stressful	  landscape.	  a)	  salt	  soil;	  b)	  copper	  mine.	  










	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  




















population	  level	  (Kruckeberg,	  1985;	  Safford	  et	  al.,	  2005).	  Species	  able	   to	  grow	  both	  on	  serpentine	  and	  other	  soils	   can	  be	  separate	   in	  ecotype,	   thus	  those	  growing	  on	  serpentine	  show	  distinct	  characters	  not	  seen	   in	   the	   those	  occurring	  on	  non	  serpentine	  (Kruckeberg,	  1967,	  1984,	  1992,	  1995).	  The	  term	  “ecotype,”	  was	  originally	  proposed	  in	  1922	  to	  define	  “the	  product	  arising	  as	  a	  result	  of	  the	  genotypic	  response	  of	  an	  ecospecies	   or	   species	   to	   a	  particular	  habitat”	   (Turesson,	   1922).	  Nowadays,	   an	   ecotype	   is	  referred	   to	  genotypes	   (or	  population)	  within	  a	   species	   resulting	   from	  adaptation	   to	   local	  environmental	   conditions	   that	   confer	   a	   selective	   advantage.	   The	   distinction	   between	  phenotypic	   plasticity	   and	   local	   adaptation	   of	   an	   ecotype	   is	   based	  primarily	   upon	   genetic	  analysis	  and	  transplantation	  experiments	  (Nahum	  et	  al.,	  2008).	  In	  reciprocal	  transplants	  of	  
Pinus	  sabiana	  in	  California,	  it	  was	  found	  that	  seedlings	  from	  non-­‐serpentine	  sources	  grew	  equally	  well	   on	   serpentine	   (Griffin,	   1965),	   underlining	   no	   patterns	   of	   ecotypic	   variation	  under	   genetic	   differentiation.	   Conversely,	   all	   non-­‐	   serpentine	   forms	   in	   the	   Streptanthus	  





because	   they	   are	   poorly	   adapted	   to	   habitats.	   In	   addiction,	   if	   adaptation	   to	   serpentine	  involves	   catastrophic	   selection	   leading	   to	   genomic	   reorganization	   in	   a	   small	   founder	  population	   (Lewis,	   1962),	   then	   the	   process	   of	   serpentine	   adaptation	   could	   also	   confer	  postzygotic	   reproductive	   isolation.	   Second,	   the	   patchy	   distribution	   of	   serpentine	   can	  contribute	  to	  the	  geographic	   isolation	  of	  populations.	  From	  this	  point	  of	  view,	  serpentine	  adaptation	   might	   lead	   to	   speciation	   both	   in	   allopatry	   and	   sympatry,	   in	   fact	   peculiar	  serpentine	  conditions	  could	  act	  as	  strong	  selective	  agents	  picking	  tolerant	  genotypes	  out	  of	  mainly	  non-­‐tolerant	  colonizing	  gene	  pools.	  This	  disruptive-­‐selection	  process	  often	  results	  in	   ecotypic	   differentiation	   (Kruckeberg,	   1951,	   1967,	   Rajakaruna	   et	   al.,	   2003),	   and	   if	  reproductive	   barriers	   are	   achieved,	   the	   process	   could	   proceed	   to	   sympatric	   in	   situ	  formation	   of	   serpentine	   endemic	   (Kruckeberg,	   1986;	   Macnair	   &	   Gardner,	   1998;	  Rajakaruna,	  2004).	  
	  





	  	  	  	  	  	  	   	  
Figure	  	  5:	  Italian	  landscapes	  of	  serpentine	  soil.	  	  	  The	   greatest	   concentration	   occurs	   in	   the	   Tyrrhenian	   hills	   of	   the	   Pisa,	   Siena	   and	   Livorno	  provinces,	  while	  others	  are	  located	  more	  in	  land,	  such	  as	  those	  in	  the	  Arezzo	  and	  Firenze	  provinces	  (Selvi,	  2005).	  In	  Emilia	  Romagna	  were	  described	  ultramaphic	  outcrop	  especially	  near	  the	  border	  with	  eastern	  Liguria	  and	  in	  valleys	  of	  rivers	  Toro	  and	  Trebbia	  and	  torrent	  Ceno,	   Nure	   and	   Aveto.	   A	   lot	   of	   interest	   was	   also	   about	   vegetation	   and	   soil	   of	   Monte	  Prinzera,	  in	  Parma	  province	  (Venturelli	  et	  al.,	  1997;	  Lombini	  et	  al	  1998).	  The	  flora	  of	  these	  outcrops	  is	  today	  sufficiently	  known	  thanks	  to	  a	  series	  of	  studies	  carried	  out	   in	   single	   areas,	   in	   particular	   the	   upper	   Tiber	   valley	   (Pichi	   &	   Sermolli,	   1948),	  Monte	  Ferrato	   (Arrigoni,	   1974),	   Cecina	   valley	   (Selvi	   &	   Bettini,	   2004)	   and	   Monti	   Rognosi.	  Descriptive	   studies	   were	   published	   on	   the	   vegetation	   of	   the	   garigue	   plant	   communities	  growing	  over	  all	  outcrops	  (Chiarucci	  et	  al.,	  1995),	  on	  grasslands	  of	  the	  Upper	  Tiber	  Valley	  (Viciani	  et	  al.,	  2002)	  and	  on	  Juniperus	  scrub	  communities	  (Chiarucci	  et	  al.,	  1998);	  at	  Murlo	  site	  in	  Siena	  province	  vegetation	  dynamics	  was	  also	  investigated	  by	  Chiarucci	  (1994).	  	  The	  garigue	   are	   characterized	   by	   the	   presence	   of	   serpentinofite	   suffruticose	   as	   Stachys	   recta	  ssp	   serpentini,	   Thymus	   acicularis	   subsp.	   ophioliticus,	   Alyssum	   bertolonii,	   Armeria	  
denticulata,	  Minuartia	  laricifolia	  ssp.	  Ophiolitica	  (Gonnelli	  et	  al.).	  In	  addiction,	  were	   found	  
Stipa	   etrusca,	   Stipa	   tirsa,	   Plantago	   holosteum,	   Trinia	   glauca,	   Genista	   januensis,	   Festuca	  
robustifolia,	   Festuca	   inops,	   Dianthus	   sylvestris	   ssp.	   longicaulis,	   Silene	   paradoxa,	   Sedum	  





enriched	  vegetation.	  On	  crevices	  of	  rocks,	  especially	  in	  the	  northern	  side,	  appear	  Asplenium	  
cuneifolium,	   Notholaena	   marantae	   with	   Ceterach	   officinarum	   Asplenium	   trichomanes	   L.	  
subsp.	   quadrivalens,	   Polypodium	   interjectum	   and	   more	   rare	   Asplenium	   nigrum	   adiantum.	  The	   grasslands	   are	   widespread	   areas	   of	   bounded	   surfaces	   and	   consisted	   primarily	   of	  
Bromus	   erectus,	   Danthonia	   Alpine,	   Carex	   humilis	   and	   characterized	   by	   the	   presence	   of	  species	   of	   great	   phytogeographical	   and	   conservation	   interest	   as	   Stipa	   Tirzah,	   Etruscan	  





fraction	   of	   chromium	   is	   generally	   too	   small	   to	   affect	   vegetation	   (Pandolfini	   &	   Pancaro,	  1992;	  Chiarucci	   et	   al.,	   1998c,	   1998d,	   2001).	   In	   addition,	   Chiarucci	   (1998)	   found	  out	   that	  garigue	  are	  located	  in	  soils	  with	  lowest	  concentrations	  of	  potentially	  heavy	  toxic	  metal	  and	  in	   site	  with	  a	  wide	  range	  of	  phisycal	   condition	   (Chiarucci	  et	  al	  1998).	  Thus,	  according	   to	  this,	  one	  of	  the	  most	  important	  limiting	  factors	  for	  the	  vegetation	  of	  Tuscan	  ultramafic	  soils	  appears	   to	   be	   drought	   stress	   due	   to	   topographical	   position.	   Water	   stress	   and	   soil	  nutritional	   deficiencies	   constantly	   limit	   vegetation	   development.	   In	   both	   Mediterranean	  and	   inland	   sites,	   the	   annual	   solar	   radiation	   is	   significantly	   higher	   in	   juniper	   scrub	  communities,	   a	   relatively	   undisturbed	   vegetation	   type	   where	   the	   serpentine	   endemics	  grow,	  than	  in	  sites	  with	  a	  proper	  woodland	  vegetation	  (Chiarucci	  et	  al.,	  1998c,	  1998d).	  	  
Study	  species.	  
Dianthus	  sylvestris	  Wulfen	  is	  a	  group	  of	  species	  evergreen	  herbaceous	  biennial	  or	  perennial	  belonging	   to	   the	   Caryophyllaceae	   family.	   Within	   the	   genus	   Dianthus,	   the	   D.	   sylvestris	  Wulfen	   group	   can	   be	   considered,	   as	   one	   of	   the	  most	   complex	   and	   it	   is	   still	   not	   severely	  investigated.	   This	   group	   is	   represented	   by	  Dianthus	  arrosti	   C.	   Presl,	  D.	   siculus	  C.	   Presl,	  D.	  
graminifolius	   C.	   Presl,	   D.	   cyathophorus	   Moris,	   D.	   gasparrinii	   Guss.,	   D.	   longicaulis	   Ten.,	   D.	  
virgatus	  Pasquale,	  D.	  tarentinus	  Lacaita,	  D.	  morisianus	  Vals.,	  D.	  japygicus	  Bianco	  &	  Brullo,	  D.	  
sardous	  Bacch.,	  Brullo,	  Casti	  &	  Giusso,	  D.	  busambrae	  Soldano	  &	  F.	  Conti,	  D.	  brachycalyx	  Huet	  
sp.	  nov.,	  D.	  oliastrae	  sp.	  nov.,	  D.	  insularis	  sp.	  nov.,	  D.	  genargenteus	  sp.	  nov.	  And	  D.	  ichnusae	  sp.	  






Figure	  	  6:	  	  Examples	  of	  phenotypic	  variation	  in	  flower	  morphology	  of	  Dianthus	  sylvestris	  group.	  The	  generic	  name	  derives	  from	  the	  greek	  'Theos'	  (God)	  and	  'Anthos'	  (flower)	  and	  therefore	  means	   “flower	   of	   God”;	   the	   specific	   name,	   from	   the	   Latin	   'sylva'	   (forest),	   could	   be	  misleading	  because	  the	  species	  does	  not	  grow	  in	  woods.	  This	  plant	  presents	  stems	  closely	  united	  or	  arising	  from	  a	  single	  woody	  root.	  The	  stem	  can	  be	  ascending	  or	  erect,	  long	  up	  to	  50	   cm,	   rarely	   up	   to	   60	   cm,	   glabrous,	   sparsely	   branched,	   swollen	   nodes,	   sometimes	  reddened	  towards	  the	  apex.	  	  
	  	  	  	  	  	  	  	  	  	  a 	  	  	  	  	  	  	  	  	  	  b 	  	  	  	  	  	  	  	  	  	  	  	  	  c 	  	  	  	  	  	  	  	  	  	  	  	  
Figure	   	  7:	  a:D.sylvetrsis	  growing	  on	  limestone	  rocks;	  b:	  detail	  on	  internode	  and	  stem	  leaves;	  c:	  basal	  





(this	  characteristic	   is	  most	  noticeable	  at	   the	  base),	  slightly	  rough-­‐toothed,	  or	  even	   in	   full,	  with	  an	  acute	  apex.	  	  The	   flowers	  are	  mostly	   solitary	  at	  height	  of	   the	   stem,	  delicately	   smell,	   sometimes	  almost	  odorless.	   Epicalyces	   consists	   scales	   roughly	   orbicular	   and	   acute,	   with	   more	   or	   less	  noticeable	  beak,	  long	  approximately	  ¼	  pipe	  calicino.	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
	  	  	  	  	   	   	   	   	  
Figure	  	  8:	  Details	  of	  flower	  in	  D.	  sylvestris.	  The	   cup	   is	   gamosepal,	   cylindrical,	   with	   streaks	   inconspicuous,	   equipped	   with	   five	  triangular	  teeth	  with	  apex	  ranging	  from	  dull	  to	  sharp.	  The	  corolla	  has	  a	  diameter	  that	  can	  be	   up	   to	   about	   2.5	   cm,	   formed	   by	   five	   petals	   completely	   glabrous,	   pink	   color,	   generally	  tending	  to	  whiten	  toward	  the	  nail,	  to-­‐truncated	  apex	  rounded	  and	  irregularly	  notched.	  The	  androecium	  consists	  of	  10	  stamens,	  while	  the	  gynoecium	  of	  two	  carpels,	  a	  unilocular	  ovary	  and	   two	   long	   stigmas;	   pollination	   is	   entomogamy.	   The	  mating	   system	   of	   these	   plants	   is	  gynomonoecious-­‐gynodioecious	   with	   commonly	   mixed	   individuals	   (Shykoff	   et	   al.,	   1997)	  and	  several	  flowers	  often	  open	  per	  plant,	  allowing	  for	  geitonogamy.	  As	  commonly	  find	  for	  many	  other	  gynodioecious	  species	  (Delph,	  1996;	  Shykoff	  et	  al.,	  2003),	  pistillate	  flowers	  of	  





outcrossing	  rates	  at	  both	  plant	  and	  flower	  level.	  Most	  flowers	  of	  D.	  sylvestris	  receive	  pollen	  from	  more	  than	  one	  donor	  except	  pistillate	   flowers	  from	  mixed	  plants.	  Pollinators	  of	   this	  species	   are	  usually	   two	   species	   of	   Lepidoptera,	   one	  diurnal,	  Macroglossum	  stellatarum	   L.	  (Lepidoptera:	   Sphingidae)	   and	   one	   nocturnal,	   Hadena	   compta	   Schiff.	   (Lepidoptera:	  Noctuidae).	  Lepidoptera	  present	  a	  coiled	  proboscis	  that	  allows	  carryover	  of	  small	  amounts	  of	  pollen	  (Wiklund	  et	  al.,	  1979),	  so	  several	  pollinator	  visits	  may	  contribute	   to	  pollination	  (Pettersson,	  1991),	   leading	  to	  multiple	  paternity	  of	  seeds	   from	  single	   fruits.	  On	  the	  other	  hand,	  outcrossed	  seeds	   from	  pistillate	   flowers	  on	  mixed	  plants	  appeared	  to	  be	  sired	  by	  a	  single	  pollen	  donor,	  suggesting	  fewer	  visits	  of	  these	  flowers.	  The	  flowering	  period	  is	  from	  May	   to	   August.	   The	   fruit	   is	   a	   cylindrical	   capsule	   4	   provided	   with	   teeth	   apical	   welded	  together,	  and	  that	  separate	  only	  at	  maturity	  letting	  out	  the	  seeds.	  Seed	  set	  does	  not	  differ	  between	  pistillate	  flowers	  from	  mixed	  and	  female	  plants	  (Collin	  et	  al.,	  2002).	  	  	  	  	  
D.	  sylvestris	  is	  mainly	  distributed	  on	  mountain	  around	  Mediterranean	  Sea;	   it’s	  common	  in	  all	  Italian	  regions	  and	  more	  frequent	  in	  Alps	  and	  Apennines.	  	  It	  grows	  in	  dry	  meadows	  and	  rocky	  areas,	  with	  optimum	  on	  limestone	  substrates,	  from	  sea	  level	   to	   alpine	   zone,	   but	   as	   described	   above,	   it’s	   also	   documented	   in	   garigue	   vegetation	  associated	   to	   serpentine	   flora.	   For	   this	   ability	   to	   growth	   both	   on	   limestone	   than	   on	  serpentine,	  D.	  sylvestris	  could	  be	  considered	  as	  a	  bondveg	  species,	  even	  if	  is	  still	  not	  clear	  if	  population	  growing	  on	  different	  sites	  are	  locally	  adapted.	  Other	  Dianthus	  species	  were	  described	  on	  contaminated	  soil	  for	  tolerance	  to	  heavy	  metal	  or	  adaptation	  to	  serpentine	  soil.	  For	  example,	  Chen	  and	  Lee	  (1997)	  found	  that	  D.	  sylvestris	  





Moreover,	   D.	   carthusianorum	   is	   described	   as	   one	   of	   dominating	   plant	   in	   waste	   heap	   of	  southern	  Poland,	  characterized	  by	  a	  water	  deficit,	  intensive	  insolation,	  and	  elevated	  levels	  of	  heavy	  metals	   in	  the	  soil	  (on	  average:	  zinc,	  4000	  mg	  kg-­‐1;	   lead,	  1650	  mg	  kg-­‐1;	  cadmium,	  170	  mg	  kg-­‐1	  (Godzik,	  1984)	  and	  also	  on	  Poland	  serpentine	  soil	  (Leszek	  &	  Kasowska,	  2009).	  Different	  studies	  comparing	  metallicous	  and	  non-­‐metallicous	  population	  show	  evidence	  for	  adaptive	   divergence	   in	   plant	   growing	   in	   waste	   heap.	   In	   particular	   differences	   in	  accumulation	   and	   morphological	   and	   physiological	   traits	   were	   found	   with	   a	   clear	  molecular	  marker	  signature.	  In	  fact,	  D.	  chartosianorum	  in	  contaminated	  soils	  shows	  lower	  biomass	  of	   aerial	  parts,	   shorter	  and	  narrow	   leaves	  with	  more	  water	   in	   their	   tissues,	   and	  fewer	   leaves	   for	   plants.	   They	   present,	   also,	   shortened	   and	   less	   numerous	   shoots	   that	  reduce	   the	   transpiration	   surface	   of	   plants	   by	   25%,	   and	   a	   very	   dense	   toots	   hair.	   The	  described	  differences	  point	  to	  the	  adaptation	  of	  waste-­‐heap	  plants	  not	  only	  to	  high	  heavy	  metal	  concentration	  but	  also	  to	  xerothermic	  conditions.	  In	  addiction,	  it	  was	  also	  shown	  that	  the	  smaller	  size	  of	  the	  aerial	  parts	  of	  the	  waste	  heap	  plants	  was	  accompanied	  by	  early	  entry	  in	   reproductive	   stage,	   increasing	   the	   fertility	   of	   these	   plants;	   these	   are	   all	   signs	   of	   “r”	  strategy	  that	  increases	  the	  change	  of	  survival	  (Wierzbicka	  &	  Rostanski,	  2002).	  	  	  	  	  	  	  
	   	  
Figure	  	  9:	  basal	  rosette	  of	  D.sylvetsris	  in	  Murlo	  (Si),	  serpentine	  site.	  





with	   serpentine	   soil	   but	   in	   relation	   with	   calcareous	   metalliferous	   soil	   on	   Alps	   where	  population	  evolve	  tolerance	  to	  zinc	  and	  lead.	  	  
a	   	  	  	  	  	  b	   	  
Figure	   	  10:	  Detail	  of	  basal	  rosette	  of	  D.	  sylvestris	   in	   two	  different	   limestone	  sites:	  a,	   	  Capraia	  (Si);	  b	  
Gerfalco	  (Gr).	  For	  all	  these	  reasons	  D.	  sylvestris	  become	  a	  suitable	  non-­‐model	  species	  in	  which	  investigate	  whether	   and	   how	   the	   edaphic	   factor	   affect	   genetic	   or	   morphological	   variation	   between	  populations	  growing	  on	  and	  off	  serpentine	  soils.	  	  





In	  detail,	  expected	  questions	  are:	  
-­‐	   What	   are	   the	   gene	   flow	   dynamics	   governing	   the	   exchange	   of	   migrants	   between	  
populations	   from	   serpentine	   and	   limestone	   soilsWhat	   are	   the	   levels	   of	   genetic	  
variability	  within	  each	  population	  and	  among	  populations?	  ?	  Are	   there	  barriers	   that	  
obstacle	  gene	  flow?	  Since	  divergent	  selection	  is	  the	  driving	  force	  of	  local	  adaptation,	  but	  the	  result	  depends	  on	  its	   interaction	   with	   gene	   flow,	   estimates	   quantitative	   gene	   flow	  may	   provide	   important	  insights	  into	  the	  hypothesis	  test	  of	  local	  adaptation.	  The	  gene	  flow	  is	  usually	  estimated	  in	  an	   indirect	  way	   based	   on	   the	   degree	   of	   differentiation	  markers	   loci	   presumably	   neutral.	  Thus,	   it	   will	   be	   estimated	   the	   degree	   of	   variability	   between	   populations	   and	   within	  populations.	   In	   the	   presence	   of	   local	   adaptation,	   gene	   flow	   between	   populations	   of	  different	   soils	   is	   reduced,	   and	   this	   means	   that	   Fst	   index	   has	   high	   values	   comparing	  populations	  of	  different	  soils	  than	  populations	  belonging	  to	  the	  same	  soil	  type.	  In	  fact,	  the	  reduction	   of	   gene	   flow,	   and	   therefore	   the	   exchange	   of	   migrants	   between	   populations,	  should	   encourage	   crosses	   between	   individuals	   of	   the	   same	   population,	   leading	   to	   a	  consequent	  increase	  in	  the	  frequency	  of	  favourite	  alleles	  rather	  than	  disadvantaged	  alleles.	  Alternatively,	  if	  the	  populations	  have	  a	  high	  genetic	  continuity,	  the	  base	  of	  the	  tolerance	  to	  soil	   edaphic	   criticality	   serpentine	   may	   be	   phenotypic	   plasticity,	   then	   it	   should	   find	   no	  significant	   differences	   in	   the	   architecture	   of	   different	   genetic	   populations,	   or	   these	  differences	  were	  attributable	  only	  to	  stochastic	  processes.	  	  	  
-­‐	   What	   are	   the	   differences	   in	   the	   accumulation	   of	   heavy	   metals	   in	   serpentine	   and	  





absorption	   of	   metal,	   rather	   than	   acting	   on	   the	   internal	   detoxification.	   Furthermore,	   the	  plants	  adopt	  two	  main	  strategies,	  accumulation	  and	  exclusion.	  In	  the	  first	  case,	  the	  metals	  are	  translocated	  from	  root	  to	  aerial	  part	  and	  they	  can	  be	  concentrated	  in	  both	  parts	  of	  the	  plant.	   On	   the	   contrary,	   in	   the	   exclusion,	   the	   absorption	   and	   accumulation	   are	  predominantly	  in	  roots,	  thus	  concentrations	  of	  metals	  in	  the	  leaves	  can	  be	  very	  low	  despite	  the	   high	   concentrations	   in	   soil	   (Baker,	   1981).	   Moreover,	   in	   the	   light	   of	   Procter	   &	   Nagy	  studies	  (1992),	  according	  to	  which	  the	  flora	  control	  factors	  ultramafic	  may	  differ	  from	  site	  to	  site,	  it	  will	  be	  also	  analysed	  the	  composition	  of	  the	  soil	  to	  test	  any	  differences	  between	  different	   sites	   of	   a	   same	   type	   of	   soil,	   and	   to	   ascertain	   the	   differences	   between	   soils	  limestone	  and	  serpentine.	  	  
-­‐	   What	   is	   the	   relationship	   with	   habitat	   of	   local	   populations	   compared	   to	   non-­‐local	  
populations?	  Are	  the	  differences	  in	  traits	  among	  populations	  due	  to	  genetic	  differences	  





	  Materials	  &	  Methods	  
In	   this	  study	  were	   investigated	  10	  serpentine	  populations	  distributed	   in	  main	  serpentine	  out	  crop	  in	  Tuscany	  and	  Emilia	  Romagna	  and	  10	  population	  of	  limestone	  site	  distributed	  in	  the	  same	  regions.	  Distance	  among	  site	  ranges	  between	  serpentine	  site	  6	  Km	  (SAN-­‐MUR)	  and	  198	  Km	  (PRI-­‐STE);	  among	  limestone	  site	  it	  ranges	  between	  10	  Km	  (VEN-­‐SCA)	  and	  303	  Km	  (TAN-­‐VEN).	  The	  smallest	  distance	  between	  a	  serpentine	  and	  limestone	  site	  was	  5,7	  Km	  (SAN-­‐IES)	  and	  the	  longer	  one	  was	  337	  Km	  (PRI	  –TAN).	  
	  





et	  al.,	  2000,	  2006;	  Pandolfini	  &	  Pancaro,	  1992).	  In	  nearly	  areas,	  but	  on	  limestone	  sites,	  fresh	   leaves	   were	   collected	   from	   206	   individuals	   10	   non	   serpentine	   sites:	   Cornate	   di	  Gerfalco	   (COR),	   Iesa(IES),	   Monte	   Tancia	   (TAN),	   Bagno	   di	   Roselle	   (BAG),	   Lucchio(LUC),	  Monte	   Ventasso	   (VEN),	   Scalocchio	   (SCA),	   Carpegna	   (CAR),	   Capraia	   (CAP),	   Campiglia	  Marttima	   	   (CAL).	   On	   average	   20	   individuals	   for	   populations	   were	   collected	   (larger	  population	  LUC,	  26	  accessions,	  smaller	  population	  SCA,	  8	  accessions).	  Plants	  were	  collected	  randomly	   in	  each	  site	  and	  for	  each	  population	  GPS	  coordinates	  were	  taken	   in	  the	  central	  point	  of	  the	  sampling	  sites.	  	  
Table	  1:	  List	  of	  the	  localities	  of	  the	  studied	  populations	  of	  D.	  sylvestris.	  
	  	  	  	  	  	  	  	  	  	  	  	  In	  order	  to	  assess	  morphologic	  variations	  in	  natural	  population	  and	  to	  find	  out	  evidence	  of	  local	   adaptation	   or	   validate	   the	   phenotypic	   plasticity	   of	   serpentine	   plant	   genome,	   a	  subsample	  of	  populations	  investigated	  with	  molecular	  marker	  was	  used	  for	  transplanting	  experiment	   and	   morphological	   and	   chemical	   analysis	   of	   field-­‐collected	   individuals.	   For	  
SOIL	   SITE	   GPS	  COORDINATES	   POPULATIONTAG	   N°	   of	  SAMPLES	  	  	   Pievescola	   43°19'N;	  11°06'E	   PIE	   19	  	  	   Impruneta	   43°40'N;	  11.16'E	   IMP	   19	  	  	   Travale	   43°11'	  N;	  11°02'E	   TRA	   24	  	  	   Podere	  il	  Santo	   43°05'N;	  11°18'E	   SAN	   26	  
SERPENTINE	   Roccatederighi	   	  43°	  02'N,	  	  11°	  04'E	   ROC	   20	  	  	   Monte	  Prinzera	   44°38'N;	  10°04'E	   PRI	   23	  	  	   Riparbella	   43°22'N,	  	  10°36'E	   RIP	   25	  	  	   M.te	  Falcinello	   44°08'N;	  09°57'E	   FAL	   10	  	  	   Pieve	  S.	  Stefano	  	   43°34'N;	  12°02'E	   STE	   12	  	  	   Murlo	   	  43°	  08N	  	  11°18'E	   MUR	   20	  	  	   Cornate	  di	  Gerfalco	   43°09'	  N;	  10°58'	  E	   COR	   19	  	  	   Val	  di	  Farma,	  Iesa,	   43°05'N;	  11°14'E	   IES	   21	  	  	   Monte	  Tancia	   42°18'	  N;	  12°44'E	   TAN	   20	  	  	   Bagno	  di	  Roselle	   42°48'N;	  11°09'	  E	   BAG	   22	  





each	   ecotype	   of	   D.sylvestris,	   serpentine	   and	   limestone,	   were	   selected	   eight	   populations,	  four	   from	   serpentine	   sites,	   Pievescola	   (Pie),	   Murlo	   (Mur),	   Riparbella	   (Rip)	   and	  Roccatederighi	   (Roc)	   and	   four	   non-­‐serpentine	   populations,	   Campiglia	   Marittima	   (Cal),	  Lucchio	  (Luc),	  Cornate	  di	  Gerfalco	  (Cor)	  and	  Castello	  di	  Capraia	  (Cap).	  	  	  





standard	   (Applied	   Biosystems,	   Carlsbad,	   CA).	   Fragment	   lengths	   were	   scored	   in	  Genemapper	  4.0	  software	  (Applied	  Biosystems)	  and	  manually	  assigned.	  Ambiguous	  peaks	  were	  considered	  as	  missing	  data,	  in	  order	  to	  decrease	  genotyping	  errors	  due	  to	  stuttering	  and	  large	  allele	  dropout	  (Dewoody	  et	  al.,	  2006).	  	  





Population	  Structure	  An	  analysis	  of	  molecular	  variance	  (AMOVA)	  was	  used	  to	  assess	   the	  proportion	  of	  genetic	  variance	  among	  populations	  of	  different	  soil	  origin.	  The	  AMOVA	  was	  computed	  in	  Arlequin	  v.	   3.1,	   and	   the	   significance	   tests	   were	   based	   on	   10000	   permutations.	   ANOVA	   was	   also	  computed	   independently	  within	   serpentine	   and	   limestone	   populations	   groups.	  Weir	   and	  Cockerham’s	  (1984)	  estimators	  of	  the	  level	  of	  inbreeding	  within	  population	  (f)	  and	  within	  the	  whole	  set	  of	  sample	  (F)	  were	  obtained	  using	  Genetix.	  These	  parameters	  are	  analogue	  of	  Fis	  and	  Fit	  index	  of	  Wright	  (1951),	  but	  should	  be	  unaffected	  by	  sampling	  scheme	  (Weir	  and	  Cockerham’s	  1984).	  The	  significance	  of	  f	  and	  F	  were	  assessed	  by	  a	  permutation	  test.	  	  Genetic	  differentiation	  among	  populations	  were	  estimated	  using	  different	  statistical	  index,	  as	   there	   are	   different	   opinion	   concerning	   alternative	   method	   and	   index	   describing	  population	  divergence,:	  𝛉	  (weir	  &	  cockerham,	  1984),	  Gst	  (Nei,	  1973)	  and	  Dst	  (Jost	  2008).	  𝛉	  
should	  provide	  estimation	  of	  variability,	  and	  represent	  the	  proportion	  of	  genetic	  diversity	  due	  to	  allele	  frequency	  differences	  among	  populations	  or	  the	  correlations	  between	  alleles	  within	  populations	  relative	  to	  the	  entire	  populations	  (holsinger	  &	  weir,	  2009);	  Gst	   is	  also	  similar	  to	  𝛉,	  but	  is	  based	  on	  heterozygosity.	  	  These	  statistical	  indexes	  were	  implemented	  in	  





In	   general,	   these	   index	   range	   from	   0,	   no,	   differentiation	   to	   1,	   complete	   differentiation.	  Usually,	   an	  𝛉	   of	   0,00	   to	   0,	   05	   indicates	   low	   level	   of	   differentiation,	   0,05	   to	   0,15	   indicate	  
moderate	  level	  and	  𝛉	  >	  0,15	  indicate	  high	  levels	  (Holsinger	  and	  Weir,	  2009;	  Hartl	  and	  Clark	  
1997).	  Differentiation	   between	   pairs	   of	   sites	   was	   performed	   in	   ARLEQUIN	   calculating	   a	   global	  estimate	  across	  loci	  of	  the	  fixation	  index	  𝛉	  (Weir	  and	  Cockerham	  1984),	  and	  its	  statistical	  





(Pritchard	  et	  al.	  2000).	  The	  model	  assumed	  admixture,	  correlated	  frequencies,	  and	  no	  prior	  population	   information.	   The	   following	   parameter	   settings	   were	   applied:	   5	   independent	  replicates	  each	  for	  a	  number	  of	  populations	  (K)	  ranging	  from	  K	  =	  1	  to	  15,	  a	  burning	  period	  of	   20000	   iterations,	   200000	   subsequent	  Markov	   Chain	  Monte	   Carlo	   (MCMC)	   repetitions.	  The	  most	  likely	  number	  of	  populations	  was	  estimated	  with	  the	  ΔK	  statistic	  of	  Evanno	  et	  al.	  (2005)	   using	   STRUCTURE	   HARVESTER	   software	   (Earl	   and	   VonHoldt	   2011).	   Structure	  analysis	  was	  also	  run	  within	  serpentine	  populations	  group	  and	  limestone	  group	  with	  same	  parameters	  analysis.	  	  	  





Varian)	   using	   standard	   solutions	   (STD	   Analyticals	   Carlo	   Erba)	   diluted	   in	   the	   same	   acid	  matrix	  as	  for	  extraction.	  	  In	  order	  to	  find	  out	  the	  evidence	  of	  heterogenic	  distribution	  of	  total	  and	  bioavailable	  metal	  content	   in	   soil	   site,	   data	  were	   analysed	  with	   descriptive	   statistics.	   Anova’s	   analysis	   was	  used	  to	  investigate	  significant	  differences	  among	  soil	  site,	  while	  Mann	  Withney’s	  test	  was	  to	   compare	   serpentine	   and	   limestone	   sample.	   Principal	   component	   analysis	   using	   both	  data	  of	  total	  content	  and	  bioavailable	  portion	  were	  used	  as	  ordination	  analysis	  among	  site,	  while	  correlation	  analysis	  was	  used	  in	  order	  to	  find	  our	  significant	  correlation	  among	  total	  and	  bioavailable	  metal	  in	  soil	  sample.	  	  	  





The	  significance	  of	  differences	  in	  morphological	  parameters,	  between	  analysed	  populations	  was	  analysed	  using	  one-­‐way	  ANOVA	  with	   the	  Bonferroni	  at	   the	  0.05	  probability	   level	   for	  post	   hoc	   test.	   Principal	   component	   analysis	   (PCA)	  was	   performed	   on	   the	  morphological	  and	  physiological	  data	  to	  reveal	  phonotypical	  variance	  between	  serpentine	  and	  limestone	  populations	   grown	   in	   their	   natural	   habitats.	   All	   the	   data	   were	   analysed	   using	   SPSS	  (StatSoft,	  Inc.	  2004)	  and	  Past.	  	  










transformation	   (using	   SPSS).	   The	   factors	   tested	   were	   transplanted	   soil	   (serpentine	   and	  limestone)	   and	   soil	   of	   origin	   (SERP	   and	   LIME).	   Rosette	   diameter	   was	   also	   analysed	  separately,	  using	  one-­‐way	  analysis	  of	  variance	  (ANOVA).	  Local	  adaptation	  was	  explored	  at	  two	  levels:	  environment	  and	  site	  within	  environment.	  To	  demonstrate	  local	  adaptation,	  it	  was	  used	  the	  ‘local	  vs	  foreign’	  criterion	  (Kawecki	  &	  Ebert,	  2004):	   local	   adaptation	   is	   showed	   if	   the	   local	   ecotype	   (or	   population)	   outperforms	   the	  foreign	  ecotype	  (or	  population)	  in	  its	  home	  environment	  (or	  site).	  Data	  were	  also	  analysed	  using	   the	   ‘home	   vs	   away’	   criterion,	   which	   compares	   fitness	   of	   populations	   across	   sites.	  Each	  should	  show	  higher	  fitness	  in	  its	  own	  site	  (at	  home)	  than	  in	  others	  (away).	  This	  last	  criterion	   has	   the	   disadvantage	   of	   confounding	   the	   effect	   of	   divergent	   selection	   with	  intrinsic	  differences	  in	  habitat	  quality,	  but	  is	  still	  informative.	  	  











Descriptive	  statistics	  All	   markers	   used	   were	   polymorphic,	   with	   at	   least	   three	   alleles.	   The	   PIC	   value	   in	   both	  groups	  of	  populations	  fell	  in	  the	  highly	  informative	  category	  only	  for	  eight	  loci,	  while	  other	  loci	   showed	   moderately	   informative	   or	   low	   informative	   values	   (Tab1).	   The	   average	  number	  of	  alleles	  per	  locus	  was	  11	  across	  all	  populations.	  In	  the	  serpentine	  populations	  it	  was	  found	  a	  high	  rate	  of	  polymorphism	  in	  the	  locus	  SSR28	  (0.9209)	  while	  lower	  degree	  in	  SSR15	   (0.0051).	   In	   limestone	   populations	   a	   similar	   range	   of	   PIC	   with	   highest	   value	   for	  locus	  SSR28	  (0.909)	  and	  lowest	  value	  for	  SSR16	  (0.0097)	  was	  observed.	  Private	  alleles	  of	  each	  population	  were	  compared	  and	  it	  was	  found	  that	  serpentine	  pops	  present	  14	  private	  alleles	   compared	   to	   the	   19	   found	   in	   the	   limestone	   ones,	   while	   both	   groups	   share	   124	  alleles.	  
Table	  2:	  Diversity	  indicators	  for	  EST	  SSR	  loci.	  	  
MAF:	   major	   allele	   frequencies,	   GNo:	   genotype	   number,	   ANo:	   number	   of	   alleles,	   AR:	   allele	   richness	  
(based	  on	  minimum	  population	  size	  8),	  Ht:	  total	  gene	  diversity,	  Hs:	  diversity	  within	  populations,	  PIC:	  
polymorphism	  content	  index	  
Marker	   MAF	   GNo	   ANo	   Ne	   Ht	   Hs	   PIC	  
SSR28	   0.114	   108	   21	   7.144	   0.9176	   0.716	   0.911	  
SSR19	   0.657	   10	   5	   1.763	   0.4648	   0.4	   0.375	  
SSR25	   0.221	   40	   14	   4.105	   0.8138	   0.715	   0.787	  
SSR15	   0.991	   3	   3	   1.017	   0.0174	   0.002	   0.017	  
SSR33	   0.828	   9	   6	   1.388	   0.2934	   0.091	   0.265	  
SSR10	   0.392	   39	   15	   2.960	   0.7595	   0.576	   0.728	  
SSR7	   0.195	   63	   19	   4.162	   0.8725	   0.340	   0.859	  
SSR41	   0.413	   48	   14	   3.161	   0.7695	   0.61	   0.746	  
SSR16	   0.998	   4	   4	   1.014	   0.0124	   0.012	   0.012	  
SSR31	   0.629	   14	   6	   1.956	   0.513	   0.461	   0.440	  
SSR22	   0.819	   16	   11	   1.448	   0.3217	   0.235	   0.312	  
SSR6	   0.230	   94	   20	   5.588	   0.8846	   0.539	   0.875	  
SSR20	   0.538	   22	   10	   2.119	   0.6135	   0.255	   0.555	  
SSR12	   1	   15	   9	   1.885	   0.5026	   0.2	   0.450	  
Mean	   0.549	   35	   11	   2.838	   0.554	   0.368	   0.524	  





serpentine	  increase	  (4.55).	  However,	  as	  pattern	  of	  variation	  among	  all	  populations	  did	  not	  change,	   the	   result	   was	   likely	   due	   to	   the	   reduced	   size	   of	   minimum	   population	   (smallest	  population:	  8	  samples).	  	  
Table	   3:	   	   tables	   of	   allele	   richness	   (AR).	   Table	   a	   shows	   results	   of	   AR,	   based	   on	   smallest	   number	   8	  
individuals.	  on	  all	  sampling	  populations.	  Table	  b	  shows	  results	  of	  AR,	  based	  on	  smallest	  population	  
size	   8	   individuals.,	   within	   limestone	   populations	   Table	   c	   shows	   results	   of	   AR,	   based	   on	   smallest	  
population	  size	  10	  individuals,	  within	  serpentine	  populations.	  
	  
PIE	   IMP	   TRA	   SAN	   ROC	   PRI	   RIP	   FAL	   STE	   MUR	   COR	   IES	   BAG	   TAN	   LUC	   VEN	   SCA	   CAR	   CAP	   CAL	   MEAN	  
SSR28	   6.01	   6.07	   6.45	   7.10	   6.16	   6.84	   5.88	   7.84	   6.23	   6.32	   6.28	   6.76	   7.36	   5.94	   6.57	   6.25	   5.50	   5.53	   5.67	   5.19	   7.11	  
SSR19	   1.98	   2.37	   1.99	   1.99	   2.39	   2.60	   1.78	   2.00	   1.99	   1.97	   1.91	   2.24	   2.25	   2.46	   2.60	   2.19	   2.00	   2.22	   1.70	   1.96	   2.19	  
SSR25	   5.74	   3.56	   5.27	   4.74	   4.21	   4.46	   4.58	   3.52	   4.59	   4.54	   4.58	   3.68	   4.51	   4.81	   4.47	   3.73	   2.99	   3.32	   4.83	   5.57	   4.91	  
SSR15	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.46	   1.00	   1.00	   1.00	   1.00	   1.00	   1.59	   1.38	   1.00	   1.00	   1.00	   1.00	   1.09	  
SSR33	   1.00	   1.72	   1.79	   2.20	   1.25	   1.63	   2.06	   1.82	   1.71	   2.17	   2.00	   2.33	   1.46	   1.99	   1.97	   1.38	   1.99	   2.11	   1.89	   1.93	   2.07	  
SSR10	   4.96	   4.47	   3.23	   4.71	   4.77	   4.14	   3.18	   2.40	   2.96	   3.83	   3.67	   3.55	   4.18	   5.33	   3.28	   3.48	   1.96	   3.23	   4.11	   2.67	   4.51	  
SSR7	   4.99	   5.47	   5.12	   5.47	   5.06	   4.89	   4.11	   4.63	   3.30	   4.93	   4.88	   6.48	   4.94	   6.24	   5.08	   3.61	   3.80	   3.00	   3.63	   1.65	   6.11	  
SSR41	   4.43	   3.95	   4.52	   2.95	   5.75	   3.13	   4.12	   3.03	   3.92	   3.99	   4.14	   3.39	   5.43	   4.39	   4.56	   3.88	   3.24	   3.51	   2.62	   4.05	   4.92	  
SSR16	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.36	   1.50	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.39	   1.00	   1.00	   1.06	  
SSR31	   1.97	   2.22	   2.57	   2.34	   2.50	   2.80	   2.18	   3.35	   2.32	   2.26	   2.00	   2.99	   2.58	   1.97	   2.95	   2.46	   2.00	   2.97	   2.84	   2.18	   2.63	  
SSR22	   1.94	   1.91	   1.00	   2.36	   2.22	   2.45	   1.86	   1.50	   2.65	   1.94	   1.00	   2.28	   3.01	   2.50	   2.37	   2.19	   1.00	   2.71	   1.00	   1.59	   2.53	  
SSR6	   5.94	   5.55	   5.23	   5.90	   4.39	   6.18	   6.48	   6.67	   6.70	   5.03	   4.96	   6.55	   7.21	   4.49	   4.16	   5.71	   5.48	   4.32	   4.71	   4.45	   6.56	  
SSR20	   2.33	   3.59	   3.81	   3.29	   2.59	   2.00	   2.16	   2.85	   2.65	   1.89	   2.94	   2.10	   3.09	   3.99	   3.32	   2.88	   2.63	   2.23	   1.59	   3.08	   3.27	  
SSR12	   1.29	   2.07	   2.85	   2.72	   2.83	   2.55	   3.27	   3.00	   2.73	   1.91	   1.80	   2.00	   2.97	   2.62	   3.40	   1.87	   3.00	   2.42	   2.00	   1.63	   2.76	  
MEAN	   3.18	   3.21	   3.27	   3.41	   3.29	   3.26	   3.14	   3.22	   3.16	   3.05	   3.01	   3.31	   3.64	   3.48	   3.38	   3.00	   2.69	   2.85	   2.76	   2.71	   3.69	  a	  
	   COR	   IES	   BAG	   TAN	   LUC	   VEN	   SCA	   CAR	   CAP	   CAL	   MEAN	  	  
SSR28	   6.21	   6.76	   7.36	   5.94	   6.57	   6.25	   5.50	   5.53	   5.67	   5.19	   7.08	  
SSR19	   1.91	   2.24	   2.25	   2.46	   2.60	   2.19	   2.00	   2.22	   1.70	   1.96	   2.23	  
SSR25	   4.58	   3.68	   4.51	   4.81	   4.47	   3.73	   2.99	   3.32	   4.83	   5.57	   4.90	  
SSR15	   1.00	   1.00	   1.00	   1.00	   1.59	   1.38	   1.00	   1.00	   1.00	   1.00	   1.14	  
SSR33	   2.00	   2.33	   1.46	   1.99	   1.97	   1.38	   1.99	   2.11	   1.89	   1.93	   2.24	  
SSR10	   3.67	   3.55	   4.18	   5.33	   3.28	   3.48	   1.96	   3.23	   4.11	   2.67	   4.51	  
SSR7	   4.88	   6.48	   4.94	   6.24	   5.08	   3.61	   3.80	   3.00	   3.63	   1.65	   6.23	  
SSR41	   4.14	   3.39	   5.43	   4.39	   4.56	   3.88	   3.24	   3.51	   2.62	   4.05	   4.76	  
SSR16	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.39	   1.00	   1.00	   1.05	  
SSR31	   2.00	   2.99	   2.58	   1.97	   2.95	   2.46	   2.00	   2.97	   2.84	   2.18	   2.76	  
SSR22	   1.00	   2.28	   3.01	   2.50	   2.37	   2.19	   1.00	   2.71	   1.00	   1.59	   2.64	  
SSR6	   4.96	   6.55	   7.21	   4.49	   4.16	   5.71	   5.48	   4.32	   4.71	   4.45	   6.45	  
SSR20	   2.94	   2.10	   3.09	   3.99	   3.32	   2.88	   2.63	   2.23	   1.59	   3.08	   3.47	  
SSR12	   1.80	   2.00	   2.97	   2.62	   3.40	   1.87	   3.00	   2.42	   2.00	   1.63	   2.81	  
MEAN	   3.01	   3.31	   3.64	   3.48	   3.38	   3.00	   2.69	   2.85	   2.76	   2.71	   3.73	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  b	  
	  
PIE	   IMP	   TRA	   SAN	   ROC	   PRI	   RIP	   FAL	   STE	   MUR	   MEAN	  
SSR28	   8.23	   8.18	   8.55	   9.80	   8.17	   9.32	   8.15	   11.3	   8.64	   8.70	   9.80	  
SSR19	   2.00	   2.72	   2.00	   2.00	   2.70	   3.03	   1.95	   2.00	   2.00	   2.00	   2.29	  
SSR25	   7.33	   4.19	   6.40	   5.59	   5.60	   5.34	   5.59	   3.99	   5.49	   5.33	   5.94	  
SSR15	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.82	   1.00	   1.05	  
SSR33	   1.00	   1.93	   1.96	   2.36	   1.45	   2.07	   2.37	   2.00	   1.97	   2.47	   2.12	  
SSR10	   6.48	   5.43	   3.72	   5.86	   5.81	   4.95	   3.74	   2.90	   3.00	   4.54	   5.49	  
SSR7	   6.70	   7.33	   6.48	   6.98	   6.28	   6.54	   5.10	   5.00	   3.75	   6.21	   7.60	  
SSR41	   5.50	   5.16	   5.84	   3.73	   7.30	   4.61	   5.24	   3.89	   5.20	   4.71	   6.50	  
SSR16	   1.00	   1.00	   1.00	   1.00	   1.00	   1.00	   1.60	   1.90	   1.00	   1.00	   1.14	  
SSR31	   2.00	   2.47	   2.99	   2.60	   2.90	   2.97	   2.36	   3.90	   2.75	   2.47	   2.85	  
SSR22	   2.00	   1.99	   1.00	   2.69	   2.45	   2.86	   2.34	   1.90	   3.49	   2.60	   3.21	  
SSR6	   7.63	   7.11	   6.33	   7.97	   5.12	   8.40	   8.78	   8.69	   9.53	   6.61	   8.81	  
SSR20	   2.92	   4.20	   4.33	   3.88	   2.84	   2.00	   2.66	   3.00	   2.95	   1.99	   3.66	  
SSR12	   1.53	   2.60	   3.27	   2.94	   3.29	   2.91	   4.00	   4.60	   2.99	   1.99	   3.20	  





The	   average	   observed	   heterozygosity	   among	   serpentine	   populations	   across	   all	   loci	   was	  0.379	   (range	   from	   0.333,	   in	   IMP	   population,	   to	   0.417	   in	   population	   SAN)	   and	   0.349	   in	  limestone	  populations	  (range	  from	  0.190,	  in	  SCA,	  to	  0.424,	  in	  TAN):	  these	  values	  indicated	  moderate	   levels	   of	   polymorphism.	   On	   the	   other	   hands	   expected	   heterozygosity	   ranging	  from	  0.446	  (in	  PIE)	  to	  0.547	  (in	  SAN)	  for	  serpentine	  populations,	  and	  from	  0.393	  (in	  CAL)	  to	   0.547	   (in	   TAN)	   for	   limestone	   populations.	   Expected	   heterozigosity	   was	   higher	   than	  observed	  and	  this	  could	  be	  attributed	  to	  high	  level	  of	  inbreeding	  or	  high	  selection	  pressure.	  	  
	  
Table	  4:	  Population's	  heterozigosity.	  	  
Ho:	  observed	  heterozigosity,	  He:	  expected	  heterozigosity,	  Hue:	  unbiased	  expected	  heterozigosity.	  
	  	  	   Ho	   He	   Hue	   	   	  	   Ho	   He	   Hue	  COR	   0.365	   0.471	   0.484	   	   PIE	   0.39	   0.446	   0.458	  IES	   0.372	   0.494	   0.506	   	   IMP	   0.333	   0.474	   0.487	  TAN	   0.424	   0.547	   0.562	   	   TRA	   0.382	   0.504	   0.515	  BAG	   0.401	   0.537	   0.549	   	   SAN	   0.417	   0.547	   0.558	  LUC	   0.322	   0.521	   0.531	   	   ROC	   0.375	   0.519	   0.533	  VEN	   0.326	   0.46	   0.469	   	   PRI	   0.34	   0.489	   0.5	  SCA	   0.19	   0.432	   0.463	   	   RIP	   0.369	   0.461	   0.471	  CAR	   0.383	   0.476	   0.487	   	   FAL	   0.4	   0.447	   0.471	  CAP	   0.358	   0.417	   0.428	   	   STE	   0.387	   0.477	   0.497	  CAL	   0.349	   0.393	   0.402	   	   MUR	   0.399	   0.465	   0.477	  Mean	   0.349	   0.475	   0.488	   	   Mean	   0.379	   0.483	   0.497	  





Population	  structure	  AMOVA	  showed	  off	  10.75%,	  23.20%,	  and	  66.04%	  of	  variation	  among	  populations,	  among	  individual	  within	   population,	   and	  within	   individuals,	   respectively.	   Implementing	  AMOVA	  within	   each	   edaphic	   group	   emerged	   that	   serpentine	   populations	   are	   less	   differentiated	  than	  limestone	  one	  (Fig	  12).	  
	  
Figure	  	  12:	  AMOVA	  calculated	  in	  each	  edaphic	  group.	  
	  Looking	   at	   average	   genetic	   differentiation	   between	   individuals	   within	   their	   sampling	  locations,	   was	   observed	   that	   f	   index	   was	   positive	   and	   high	   (0.260);	   in	   addition,	   F,	   that	  quantifies	  genetic	  correlation	  within	  individuals	  in	  the	  total	  population	  was	  0.339.	  	  	  
	  Table	  5:	  f	  values	  for	  each	  populations	  across	  loci	  (a-­‐	  limestone	  group,	  b-­‐	  serpentine	  group).	  	  a	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	   	   	   	   	  b	  
	  	   	  	  	  f	   IC	   	   	  	   	  	  	  f	   IC	  
COR	   0.252	   0.139	   0.316	   	   PIE	   0.152	   0.041	   0.204	  
IES	   0.263	   0.115	   0.345	   	   IMP	   0.322	   0.221	   0.365	  
TAN	   0.250	   0.121	   0.329	   	   TRA	   0.262	   0.162	   0.315	  
BAG	   0.274	   0.175	   0.327	   	   SAN	   0.257	   0.157	   0.311	  
LUC	   0.398	   0.287	   0.468	   	   ROC	   0.301	   0.176	   0.381	  
VEN	   0.311	   0.185	   0.388	   	   PRI	   0.326	   0.214	   0.392	  
SCA	   0.608	   0.368	   0.667	   	   RIP	   0.220	   0.125	   0.274	  
CAR	   0.217	   0.107	   0.280	   	   FAL	   0.158	   -­‐0.040	   0.216	  
CAP	   0.168	   0.058	   0.288	   	   STE	   0.229	   0.080	   0.277	  
CAL	   0.134	   0.014	   0.191	   	   MUR	   0.168	   0.047	   0.226	  
Mean	   0.288	   	   	   	   Mean	   0.240	   	   	  



















not	   the	   smallest	   one.	   Differentiation	   among	   populations	   was	   calculated	   with	   θ,	   Gst,	   Dest;	  these	  index	  were	  calculate	  both	  among	  all	  populations	  than	  among	  populations	  within	  each	  edaphic	   group.	   Both	   θ	   and	   Gst	   showed	   moderate	   values	   of	   differentiation	   among	  populations	   (θ=	   0.107,	   Gst	   =	   0.096).	   On	   the	   other	   hands,	   Dest	   was	   twice	   higher	   (0.202),	  underlining	   quite	   strong	   differentiations	   among	   populations.	   These	   indices,	   calculated	  among	  populations	  within	  groups,	  were	  lower	  in	  serpentine	  group	  rather	  than	  in	  limestone	  groups	   (tab	  6),	   underlining	   stronger	   population	   structure	  within	   limestone	   group	   rather	  than	  serpentine	  group,	  confirming	  AMOVA	  results.	  	  
Table	  6:	  Mean	  values	  of	  differentiation	  indices	  (θ,	  Dest,	  Gst)	  in	  pairwise	  comparison	  	   	   θ	   Dest	   Gst	  Among	  serpentine	  pops	  	   0.08	   0.15	   0.07	  Among	  limestone	  pops	  	   0.14	   0.24	   0.14	  Serpentine	  VS	  limestone	  	   0.12	   0.19	   0.11	  	  	  	  Pairwise	  Fst	  values	  among	  all	  20	  populations	  range	  between	  0.03	  and	  0.27,	  indicating	  low	  to	   moderate	   levels	   of	   genetic	   differentiation	   (all	   comparisons	   were	   significant	   after	  Bonferroni	  correction).	  Pairwise	  Dest	  range	  from	  0.06	  and	  0.36	  underlined	  the	  same	  pattern	  of	  differentiation	  as	  for	  Fst.	  
Table	  7:	  Matrix	  of	  θ	  pairwise	  comparison	  among	  populations	  
	   PIE	   IMP	   TRA	   SAN	   ROC	   PRI	   RIP	   FAL	   STE	   MUR	   COR	   IES	   TAN	   BAG	   LUC	   VEN	   SCA	   CAR	   CAP	  
IMP	   0,11	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
TRA	   0,05	   0,06	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  SAN	   0,08	   0,10	   0,05	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  ROC	   0,08	   0,07	   0,05	   0,07	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
PRI	   0,07	   0,08	   0,06	   0,06	   0,07	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
RIP	   0,06	   0,09	   0,05	   0,07	   0,10	   0,10	   	   	   	   	   	   	   	   	   	   	   	   	   	  
FAL	   0,12	   0,13	   0,07	   0,11	   0,12	   0,12	   0,11	   	   	   	   	   	   	   	   	   	   	   	   	  STE	   0,05	   0,08	   0,04	   0,05	   0,06	   0,08	   0,04	   0,11	   	   	   	   	   	   	   	   	   	   	   	  MUR	   0,07	   0,12	   0,04	   0,07	   0,08	   0,09	   0,10	   0,13	   0,10	   	   	   	   	   	   	   	   	   	   	  
COR	   0,08	   0,10	   0,05	   0,06	   0,11	   0,10	   0,07	   0,12	   0,08	   0,08	   	   	   	   	   	   	   	   	   	  
IES	   0,10	   0,14	   0,07	   0,06	   0,07	   0,08	   0,12	   0,16	   0,11	   0,03	   0,10	   	   	   	   	   	   	   	   	  
TAN	   0,15	   0,09	   0,10	   0,10	   0,04	   0,11	   0,16	   0,16	   0,10	   0,15	   0,15	   0,14	   	   	   	   	   	   	   	  BAG	   0,10	   0,07	   0,04	   0,06	   0,07	   0,11	   0,11	   0,11	   0,07	   0,10	   0,08	   0,10	   0,09	   	   	   	   	   	   	  LUC	   0,10	   0,08	   0,05	   0,08	   0,08	   0,08	   0,09	   0,08	   0,06	   0,13	   0,11	   0,13	   0,11	   0,08	   	   	   	   	   	  
VEN	   0,11	   0,12	   0,10	   0,10	   0,14	   0,07	   0,13	   0,11	   0,12	   0,15	   0,14	   0,14	   0,17	   0,13	   0,10	   	   	   	   	  
SCA	   0,10	   0,11	   0,07	   0,09	   0,15	   0,08	   0,09	   0,12	   0,09	   0,15	   0,11	   0,15	   0,19	   0,13	   0,10	   0,07	   	   	   	  





Since	   Dest	   index	   was	   more	   informative,	   Dest	   pairwise	   matrix	   were	   used	   to	   implement	  Principal	  Coordinate	  Analysis	  and	  Mantel	  test.	  PCoA	  showed	  that	  the	  first	  two	  principal	  components	  accounted	  for	  more	  than	  54%	  of	  total	  variance	  (28,69%	  and	  25.01%,	  respectively).	  However,	  no	  clear	  repartition	  of	  populations	  with	  respect	  to	  edaphic	  groups	  could	  be	  detected	  and	  it’s	  more	  evident	  a	  clustering	  based	  on	  geographic	  provenance	  (fig.	  14).	  
	  
Figure	  14:	  PCoA	  based	  on	  Dst	  pairwise	  distance	  matrix	  This	  result	  was	  confirmed	  by	  Mantel	  test	  for	  isolation	  by	  distance	  that	  showed	  significant	  correlation	  between	  genetic	  and	  geographical	  distances	  of	  populations	  (r2	  0,206;	  p	  <0.001)	  (fig	  15).	  
	  
Figure	   15:	   Mantel	   test	   to	   test	   correlation	   between	   genetic	   distance	   matrix	   (linearized	   Dst)	   and	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  Mantel	   test	   implemented	  within	  edaphic	  groups	  was	  not	   significant,	  however	  correlation	  between	   genetic	   and	   geographic	   distance	   were	   greater	   in	   limestone	   groups	   than	   in	  serpentine	  one.	  	  On	   the	  other	  hand,	   the	   results	  of	   the	  non-­‐spatial	   STUCTURE	  analysis	  didn’t	   show	  a	   clear	  difference	   between	   the	   serpentine	   and	   limestone	   populations	   according	   to	   their	   edaphic	  origins.	  As	  reported	  by	  results,	  were	  indicated	  2	  possible	  most	  likely	  values	  of	  K	  (Evanno	  et	  al.,	   2005).	   However	   each	   groups	   includes	   both	   serpentine	   and	   limestone	   populations.	   In	  particular,	   PIE,	   TRA,	   SAN,	   ROC,	   RIP,	   MUR,	   COR,	   IES;	   BAG,	   CAP,	   CAL,	   which	   was	   both	  serpentine	   and	   limestone	   populations,	   belonged	   to	   first	   cluster;	   however,	   they	   were	  distributed	   in	   a	   small	   spatial	   scale	   in	   Southern	  West	   of	   Tuscany;	   on	   the	   other	   hand	   all	  others	  populations	  belonged	  to	  second	  cluster	  were	  distributed	  along	  Apennine	  chain.	  This	  underlined	   a	   more	   likely	   classification	   of	   populations	   in	   relation	   to	   their	   geographic	  distribution	  (Fig).	  
	  






Table	  8:	  Estimated	  gene	  flow	  expressed	  by	  number	  of	  migrants	  (Nm)	  among	  populations.	  
	  
PIE	   IMP	   TRA	   SAN	   ROC	   PRI	   RIP	   FAL	   STE	   MUR	   COR	   IES	   BAG	   TAN	   LUC	   VEN	   SCA	   CAR	   CAP	  
IMP	   2.02	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
TRA	   4.75	   3.92	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
SAN	   2.88	   2.25	   4.75	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
ROC	   2.88	   3.32	   4.75	   3.32	   	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
PRI	   3.32	   2.88	   3.92	   3.92	   3.32	   	   	   	   	   	   	   	   	   	   	   	   	   	   	  
RIP	   3.92	   2.53	   4.75	   3.32	   2.25	   2.25	   	   	   	   	   	   	   	   	   	   	   	   	   	  
FAL	   1.83	   1.67	   3.32	   2.02	   1.83	   1.83	   2.02	   	   	   	   	   	   	   	   	   	   	   	   	  
STE	   4.75	   2.88	   6	   4.75	   3.92	   2.88	   6	   2.02	   	   	   	   	   	   	   	   	   	   	   	  
MUR	   3.32	   1.83	   6	   3.32	   2.88	   2.53	   2.25	   1.67	   2.25	   	   	   	   	   	   	   	   	   	   	  
COR	   2.88	   2.25	   4.75	   3.92	   2.02	   2.25	   3.32	   1.83	   2.88	   2.88	   	   	   	   	   	   	   	   	   	  
IES	   2.25	   1.54	   3.32	   3.92	   3.32	   2.88	   1.83	   1.31	   2.02	   8.08	   2.25	   	   	   	   	   	   	   	   	  
TAN	   1.42	   2.53	   2.25	   2.25	   6	   2.02	   1.31	   1.31	   2.25	   1.42	   1.42	   1.54	   	   	   	   	   	   	   	  
BAG	   2.25	   3.32	   6	   3.92	   3.32	   2.02	   2.02	   2.02	   3.32	   2.25	   2.88	   2.25	   2.53	   	   	   	   	   	   	  
LUC	   2.25	   2.88	   4.75	   2.88	   2.88	   2.88	   2.53	   2.88	   3.92	   1.67	   2.02	   1.67	   2.02	   2.88	   	   	   	   	   	  
VEN	   2.02	   1.83	   2.25	   2.25	   1.54	   3.32	   1.67	   2.02	   1.83	   1.42	   1.54	   1.54	   1.22	   1.67	   2.25	   	   	   	   	  
SCA	   2.25	   2.02	   3.32	   2.53	   1.42	   2.88	   2.53	   1.83	   2.53	   1.42	   2.02	   1.42	   1.07	   1.67	   2.25	   3.32	   	   	   	  
CAR	   1.22	   1.54	   1.67	   1.67	   1.83	   1.83	   1.31	   1.14	   1.83	   1	   1.07	   1	   2.02	   1.31	   2.02	   1.42	   1.31	   	   	  
CAP	   2.53	   1.14	   2.53	   2.25	   1.83	   1.83	   1.67	   1.07	   1.54	   6	   1.83	   3.92	   0.94	   1.42	   1.42	   1.07	   1.14	   0.71	   	  
CAL	   1.54	   1.14	   2.02	   1.42	   1.42	   1.31	   1.07	   1	   1.07	   2.25	   1.42	   2.02	   0.94	   1.42	   1.22	   0.94	   0.84	   0.68	   1.67	  	  The	   mean	   number	   among	   populations	   was	   2.37,	   confirming	   previous	   results	   of	  differentiation	  among	  populations	  but	   in	   face	  of	   gene	   flow.	   In	   addition,	   gene	   flow	  within	  serpentine	   populations	   showed	   a	   higher	   value	   (3.22)	   than	  within	   limestone	   populations	  (1.67).	  	  	  





of	  steel	  mine	   in	   these	  areas	   (for	  concentrations	  of	  heavy	  metals	  analysed	   in	  sites	   tab.	  9).	  Same	   differences	   pattern	   were	   show	   also	   for	   bioavailable	   content	   (data	   not	   showed).	  Correlation	  analysis	  showed	  a	  positive	  linear	  relationship	  between	  total	  content	  of	  metals	  and	  their	  respective	  bioavailable	  portions	  (Rho	  Sperman	  Ni_tot	  /	  Ni_disp	  =	  0.782,	  Cr_tot	  /	  Cr_disp	  =	  0.444,	  Pb_tot	  /	  Pb_disp	  =	  0.824,	  Cu_tot	  /	  Cu_disp	  =	  0.784	  and	  Cd_tot	  /	  Cd_disp	  =	  0.787).	  All	  associations	  were	  significant	  with	  a	  p	  value	  less	  than	  0.01.	  
	  Table	  9:	  Metal	  concentration	  (μg	  g-­‐1	  d.w.)	  in	  soils	  	  (mean	  ±SD)	  	  	  	   Pb_tot	   Cu_tot	   Ni_tot	   Cr_tot	   Cd_tot	  Pie	   6.25	  ±	  5.33	   10.76±	  2.23	   184.62±	  104.55	   184.65±	  122.66	   0.01±	  0.015	  Rip	   0.35±	  0.60	   9.08±	  0.34	   300.27±	  32.44	   49.00±	  8.19	   	  0	  Roc	   0.51±	  0.45	   16.52±	  1.77	   383.21±	  208.78	   263.41±	  243.30	   0.17±	  0.28	  Mur	   9.34±	  0.61	   19.34±	  11.53	   325.70±	  20.50	   212.40±	  43.55	   0.02±	  0.02	  Cor	   121.56±	  124.42	   36.88±	  13.27	   3.96±	  2.53	   4.85±	  3.92	   1.14±	  0.60	  Cal	   176.22±	  168.48	   90.91±	  87.37	   1.73±	  0.67	   	  0	   3.31±	  0.97	  Luc	   0.02±	  0.02	   23.52±	  7.22	   7.89±	  1.40	   2.53±	  0.41	   0.04±	  0.05	  Cap	   1.44±	  1.86	   4.84±	  1.09	   0.44±	  0.70	   0.69±	  0.39	   0.03±	  0.03	  
	  	  
Table	   10:	   Speraman	   correlection	   between	   total	   (tot)	   concentration	   and	   available	   fraction	   of	   heavy	  
metals	  in	  soils.	  (*	  p<0,05,	  **	  p<0,01)	  
	  	   	   Pbtot	   Cutot	   Nitot	   Crtot	   Cdtot	  
Pbavailable	   	   0.824**	   	  	   	  	   	  	   	  	  
Cuavailable	   	   	  	   0.784**	   	  	   	  	   	  	  
Niavailable	   	   	  	   	  	   0.782**	   	  	   	  	  
Cravailable	   	   	  	   	  	   	  	   0.444*	   	  	  
Cdavailable	   	   	  	   	  	   	  	   	  	   0.787**	  	  	  





populations	   for	   all	   these	   traits.	   However,	   post-­‐hoc	   test	   did	   not	   underline	   differences	  between	  edaphic	  groups.	  The	  only	  traits	  really	  discriminant	  between	  them	  was	  the	  length	  of	   stem	   leaves	   that	  was	   shortly	   for	   all	   the	   serpentine	   plant	   populations	   in	   contrast	  with	  limestone	  ones.	  	  Principal	  component	  analysis	  (PCA)	  on	  correlation	  matrix	  did	  not	  show	  a	  completely	  sub-­‐division	   of	   the	   phenotypes	   into	   at	   least	   two	   main	   groups	   even	   if	   the	   variations	   among	  populations	  were	  significantly	  explained	  by	  the	  first	  two	  axes,	  representing	  36%	  and	  25%	  of	  the	  variance,	  respectively	  (fig	  16a).	  	  However,	  the	  same	  analysis	  performed	  using	  mean	  value	  for	  each	  population,	  considering	  only	   traits	   highly	   significant	   between	   serpentine	   and	   limestone	   populations,	  was	   able	   to	  separate	  them	  in	  two	  groups	  according	  to	  their	  edaphic	  origin	  by	  second	  axis.	  In	  this	  case	  the	   PCA1	   explain	   the	   61,8%	   of	   total	   variance,	   and	   is	   positively	   related	   to	   all	   the	   traits	  considered,	  and	  PC2	  explain	  the	  20,1%	  of	  total	  variance,	  and	  it	   is	  positively	  correlated	  to	  length	   of	   stem,	   length	   of	   rosette’s	   leaves	   and	   rosette’s	   height,	   but	   negatively	   related	   to	  intermodal	  distance,	  plant	  height,	  rosette	  leaves	  diameter	  and	  number	  of	  internodes	  (fig	  16	  c).	  	  
Figure	  	  16:	  PCA	  analysis	  on	  morphological	  traits;	  figure	  a	  shows	  the	  distribution	  of	  individuals	  on	  two	  
first	  axis.	  Figure	  c	  shows	  PCA	  on	  mean	  values	  of	  morphological	  traits.	  





length	   of	   stem	   and	   basal	   leaves	   and	   the	   length	   of	   calix,	   while	   Cr	   content	   is	   negatively	  correlated	  to	  the	  height	  of	  the	  plant	  and	  the	  distance	  between	  internodes.	  
Table	   11:	   Spearman	   correlation	   among	   mean	   values	   of	   morphological	   trait	   in	   serpentine	   and	  
limestone	  plants	  and	  total	  concentration	  of	  heavy	  metals	  in	  soils.	  
	   NF	   ID	   SLL	   PH	   CL	   BLL	  
Pbtot	   	   -­‐0.20	   0.07	   0.21	   -­‐0.13	   -­‐0.10	   0.31	  
Cutot	   	   -­‐0.34	   0.06	   -­‐0.07	   0.03	   0.28	   0.02	  
Nitot	   	   -­‐0.18	   -­‐0.60	   -­‐0.71*	   -­‐0.56	   -­‐0.70*	   -­‐0.82**	  
Crtot	   	   -­‐0.10	   -­‐0.71*	   -­‐0.74*	   -­‐0.65*	   -­‐0.77**	   -­‐0.73*	  
Cdtot	   	   -­‐0.70*	   0.04	   -­‐0.30	   -­‐0.18	   0.15	   0.21	  
NF:	  number	  of	  flowers;	  ID:	  distance	  of	  internodes;	  SLL:	  length	  of	  stem	  leaves;	  CL:	  length	  of	  calix;	  BLL:	  
length	  of	  basal	  leaves.	  (*p<0,05;	  **p<0,01)	  	  





underlined	  a	  significant	  result.	  
a 	  	  	  	  	  	  b	   	  	  	  	  	  	  	  	  	  
	  
Figure	  	  17:	  percentage	  of	  death	  plants	  at	  Murlo	  transplanting	  site.	  Figure	  a	  display	  percentage	  for	  all	  
populations	  transplanting;	  figure	  b	  display	  total	  percentage	  for	  serpentine	  and	  limestone	  populations	  
transplanted	  in	  Murlo	  site.	  In	  transplanting	  sites	  Capraia	  and	  Gerfalco	  weren’t	  find	  significant	  differences	  in	  survivals	  among	   populations	   of	   both	   serpentine	   and	   limestone	   soil	   types.	   Also	   a	   pairwise	  comparison	  between	  populations	  didn’t	  find	  strong	  difference.	  
a 	  b	  	  
Figure	  	  18:	  percentage	  of	  death	  plants	  at	  Capraia	  transplanting	  site.	  Figure	  a	  display	  percentage	  for	  all	  
populations	  transplanting;	  figure	  b	  display	  total	  percentage	  for	  serpentine	  and	  limestone	  populations	  
transplanted	  in	  Capraia	  site.	  
	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  























































































































Figure	  	  19:	  percentage	  of	  death	  plants	  at	  Gerfalco	  transplanting	  site.	  Figure	  a	  display	  percentage	  for	  
all	  populations	  transplanting;	  figure	  b	  display	  total	  percentage	  for	  serpentine	  and	  limestone	  
populations	  transplanted	  in	  Gerfalco	  site.	  	  Comparing	   survival	   rate	   of	   each	   local	   population	   across	   the	   three	   transplanting	   sites	  showed	   significant	   differences	   in	   their	  %	   of	   survival	   in	   the	   limestone	   versus	   serpentine	  fields	   plots.	   The	   exceptions	   were	   local	   serpentine	   population	   (Mur)	   that	   had	   similar	  survival	   rates	   in	   both	   habitats.	   These	   result	   means	   that	   limestone	   populations	   suffer	   if	  grow	  on	  serpentine	  site,	  but	  however	  serpentine	  populations,	  after	  transplant,	  grow	  better	  in	  a	  limestone	  site	  than	  in	  a	  their	  own	  environment.	  
	  
Figure	  20:	  Survival	  rate	  of	  local	  populations	  (respectively	  Capraia,	  Gerfalco	  and	  Murlo)	  across	  all	  
three	  transplanting	  sites.	  	  While	   there	  were	  no	   strong	   survival	   differences	  between	   serpentine	   and	  non-­‐serpentine	  plants	  when	   growing	   at	   non-­‐serpentine	   sites,	   there	  were	   significant	   differences	   in	   plant	  size	   in	   both	   Capraia	   and	   Gerfalco	   sites,	   where	   plants	   from	   non-­‐serpentine	   populations	  were	   larger	   than	   plants	   from	   serpentine	   one.	   Fitness	   variations	   quantified	   as	   relative	  fitness	   (ratio	   of	   rosette	   area	   and	   length	   at	   the	   end	   of	   the	   experiment	   of	   non-­‐local	  population	  and	  local	  one)	  showed	  strong	  evidence	  in	  differentiation	  among	  populations	  in	  limestone	   sites.	   The	   MANOVA	   analysis	   underlined	   significant	   differences	   between	  serpentine	   and	   non-­‐serpentine	   plants	   for	   rosette	   area	   and	   plant	   height	   at	   Capraia	   and	  Gerfalco	  non-­‐serpentine	   sites.	  However,	   even	   if	   separate	  one-­‐way	  ANOVAs	   conducted	  on	  these	  traits	  showed	  that	  non-­‐serpentine	  plants	  were	  larger	  than	  serpentine	  plants	  at	  both	  











































non-­‐serpentine	   sites,	   post	   hoc	   test	   underlined	   that	   not	   all	   limestone	   populations	   were	  different	   from	  serpentine	  ones.	   In	  Gerfalco	  site,	   local	  population	  differs	   significantly	  only	  by	  PIE	  serpentine	  population	  for	  both	  morphological	  traits.	  In	  Capraia	  site,	  local	  population	  did	  not	  differ	  significantly	  from	  serpentine	  populations.	  	  
Table	  	  12:	  	  p	  values	  of	  ANOVA	  (Bonferroni	  post	  hoc	  test)	  on	  area	  and	  height	  of	  rosette	  of	  serpentine	  
and	  limestone	  populations	  in	  Capraia	  transplanting	  site.	  	  
	   	   CAL	   CAP	   COR	   LUC	   MUR	   PIE	   RIP	   ROC	  CAL	   	   	   0.090	   0.091	   0.651	   0.001	   0.000	   0.000	   0.001	  CAP	   	   0.008	   	   0.994	   0.219	   0.082	   0.024	   0.031	   0.079	  COR	   	   0.000	   0.234	   	   0.222	   0.081	   0.024	   0.030	   0.078	  LUC	   	   .001	   0.466	   0.654	   	   0.004	   0.001	   0.001	   0.003	  MUR	   	   0.000	   0.020	   0.246	   0.113	   	   0.622	   0.687	   0.996	  PIE	   	   .000	   0.007	   0.123	   0.049	   0.715	   	   0.927	   0.614	  RIP	   	   .000	   0.088	   0.600	   0.335	   0.519	   0.307	   	   0.680	  ROC	   	   .000	   0.038	   .369	   0.182	   0.784	   0.517	   0.707	   	  	  
	  
Figure	  	  20:	  Bars	  show	  mean	  relative	  values	  of	  area	  and	  height	  of	  rosette	  of	  transplanted	  plants	  in	  
Capraia	  site.	  Relative	  means	  ratio	  among	  values	  in	  plants	  transplanting	  and	  mean	  value	  of	  local	  
populations.	  (letters	  mean	  significant	  difference	  on	  trait	  between	  group).	  
	  
Figure	  	  13:	  	  p	  values	  of	  ANOVA	  (Bonferroni	  post	  hoc	  test)	  on	  area	  and	  height	  of	  rosette	  of	  serpentine	  
and	  limestone	  populations	  in	  Gerfalco	  transplanting	  site.	  	  





ROC	   0.885	   0.237	   0.118	   0.311	   0.148	   0.161	   0.625	   	  	   	  
	  
	  
Figure	  	  21:	  Bars	  show	  mean	  relative	  values	  of	  area	  and	  height	  of	  rosette	  of	  transplanted	  plants	  in	  
Gerfalco	  site.	  Relative	  means	  ratio	  among	  values	  in	  plants	  transplanting	  and	  mean	  value	  of	  local	  
populations.	  (letters	  mean	  significant	  difference	  on	  trait	  between	  group).	  	  
	  In	   the	   serpentine	   site	  Murlo,	  MANOVA	   analysis	   did	   not	   showed	   difference	   in	   both	   traits	  among	  populations,	  and	  local	  population	  differ	  significantly	  only	  from	  RIP	  and	  CAL	  (for	  the	  last	   one	   only	   in	   rosette	   height),	   even	   if	   this	   difference	   favouring	   the	   two	   non	   local	  populations	  who	  better	  perform	  instead	  of	  local	  one.	  	  
Figure	  	  22:	  Bars	  show	  mean	  relative	  values	  of	  area	  and	  height	  of	  rosette	  of	  transplanted	  plants	  in	  






	  Comparing	   the	   performance	   of	   each	   local	   population	   in	   the	   three	   transplanting	   sites	  resulted	   that	   both	   CAP	   and	   COR	   populations	   grow	   better	   on	   limestone	   soil	   with	   no	  difference	  between	  two	  sites.	  On	  the	  other	  hand,	  Mur	  grew	  less	  in	  its	  own	  site	  than	  in	  both	  Capraia	  and	  Gerfalco	  sites.	  A	  GLM,	  to	  test	   if	   there	  was	  a	  significant	  effect	   in	  transplanting	  sites	  based	  on	  origin	   soil,	   revealed	   that	   for	   these	   fitness	   components	   there	  was	   a	   strong	  effect	  of	  origin	  soil	  on	  plant	  adaptation.	  A	   “days	   to	   flower”	   analysis	   between	   serpentine	   and	   non-­‐serpentine	   plants	   at	   any	   sites	  shows	  differences	  between	   the	  planting	  habitats.	  Serpentine	  populations	  produced	  much	  flower	   than	   limestone	   populations	   in	   each	   transplanting	   sites	   and	   a	   GLM	  with	   binomial	  distribution	  to	  analyse	  the	  interaction	  of	  original	  soil	  nested	  with	  transplanting	  showed	  a	  significant	   interaction.	   Indeed,	   serpentine	   population	   start	   to	   flower	   before	   limestone	  population	  in	  both	  non-­‐serpentine	  sites	  even	  if	  these	  differences	  were	  not	  found	  in	  Murlo	  site.	  	  















































Figure	  	  13:	  Flowering	  analysis	  on	  transplanting	  sites.	  Figure	  a	  show	  variation	  in	  flowering	  plant	  
percentage	  between	  serpentine	  and	  limestone	  plants	  transplanted	  in	  Capraia.	  	  Figure	  a	  show	  
variation	  in	  flowering	  plant	  percentage	  between	  serpentine	  and	  limestone	  plants	  transplanted	  in	  
Gerfalco.	  	  Figure	  a	  show	  variation	  in	  flowering	  plant	  percentage	  between	  serpentine	  and	  limestone	  
plants	  transplanted	  in	  Murlo.	  	  	  	  
	  	  
Figure	  24:	  Flowering	  plant	  rate	  of	  local	  populations	  (respectively	  Capraia,	  Gerfalco	  and	  Murlo)	  across	  
all	  three	  transplanting	  sites.	  	  	  Because	  of	  serpentine	  populations	  flowered	  more	  than	  limestone,	  it	  could	  be	  possible	  that	  strong	  differences	  in	  rosette	  biomass	  between	  serpentine	  and	  non	  serpentine	  populations	  in	  both	  Capraia	  and	  Gerfalco	  sites	  was	  related	  to	  different	  allocation	  of	  resource.	  	  It’s	   already	   known	   in	   literature	   that	   a	   plant	   that	   invests	  more	   resource	   in	   flowering	   has	  reduced	   biomass	   (reference).	   Pairwise	   comparison	   on	   investigated	   traits	   in	   each	  transplanting	  site	  were	  performed	  between	  flowered	  and	  non	  flowered	  plant	  of	  serpentine	  and	  non	  serpentine	  populations	  and	  results	  showed	  that	  flowering	  plant,	  of	  both	  limestone	  population	  were	   larger	   of	   non	   flowering	  plants,	   and	   that	   flowering	   limestone	  plants	   had	  higher	  biomass	  respect	  of	  serpentine	  plants	  in	  both	  Capraia	  and	  Gerfalco	  site.	  In	   Murlo	   this	   tendency	   was	   opposed,	   serpentine	   flowering	   plants	   were	   larger	   than	  limestone	  one,	  but	  this	  difference	  wasn’t	  significant.	  This	  result	  allowed	  concluding	  that	  no	  unbalanced	  design	  was	  used	  to	  test	  difference	  in	  plants.	  	  
Plant	  metal	  content	  analysis	  	  

















































To	   verify	   differences	   in	   metal	   contents	   in	   plant	   tissue,	   first	   were	   analysed	   plants	   from	  common	  garden	  experiment,	  dissected	  in	  leaves,	  stem	  and	  roots.	  Results	  showed	  that	  there	  were	   large	  differences	  between	  roots	  and	  basal	   leaves	  concentrations	  of	  metals,	  meaning	  an	  important	  restriction	  of	  the	  internal	  transport	  of	  metals	  from	  root	  towards	  basal	  leaves.	  Such	  metal	  immobilization	  in	  root	  cells	  as	  emphasized	  by	  the	  root/leaves	  >	  1,	  related	  to	  an	  exclusion	   strategy	   (Baker,	   1981).	   This	  mean	   that	  D.	   sylvestris	   plant	   could	   store	   a	   higher	  concentration	  of	  heavy	  metals	  in	  root	  than	  leaves	  of	  rosette	  and	  this	  feature	  is	  stronger	  in	  serpentine	  plant	  than	  in	  transplanted	  limestone	  plant.	  However	  plants	  of	  limestone	  origins	  grown	  on	  serpentine	  soil	  differ	  from	  serpentine	  plant	  only	  in	  Ni	  and	  Cr	  content	  of	   leaves,	  and	  were	  not	  found	  difference	  in	  accumulation	  in	  root	  and	  stem.	  	  This	  was	  an	  interesting	  result	  because	  even	  if	  D.	  sylvestris	  seems	  to	  accumulate	  in	  roots	  as	  reported	   in	   literature,	   the	   translocation	   of	   metal	   in	   aerial	   parte	   makes	   the	   difference	  between	  serpentine	  and	  limestone	  plants.	  
a 	  	  	  	  	  	  	  b	  	  	  	  	   	  	  	  	  	  	  	  	  	  	  	  
Figure	  	  25:	  metal	  content	  in	  serpentine	  and	  limestone	  plants	  in	  common	  garden	  experiment.	  Figure	  a	  
show	  variation	  of	  Ni	  in	  leaves,	  stems	  and	  roots	  in	  plants	  growing	  on	  serpentine	  of	  both	  serpentine	  and	  





average	   amounts	   of	   Ni	   and	   Cr	   far	   above	   those	   of	   the	   accessions	   from	   calcareous	   soils.	  However,	  these	  differences	  reflect	  metal	  concentrations	  in	  soil,	  previously	  discussed.	  	  	  	  	  	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	   	  
Figure	  	  26:	  Heavy	  metal	  content	  in	  natural	  plants	  from	  serpentine	  and	  limestone	  soils.	  	  PCA	   analysis	   on	   leaves	   content	   of	   heavy	  metal	   analysed	   in	   natural	   sites	   underlined	   that	  populations	  clustering	  in	  two	  groups	  on	  the	  basis	  of	  their	  edaphic	  characteristics.	  The	  first	  two	  axes	  explained	  78%	  of	  variance,	  especially	  PCA1	  54%	  related	  to	  Ni	  e	  Cr	  and	  PCA2	  24%	  related	  to	  Pb,	  Cu	  and	  Cd.	  	  
	  
Figure	  	  26:	  Multivariate	  analysis	  on	  mean	  values	  of	  heavy	  metal	  content	  in	  natural	  plants	  from	  
















between	  the	  two	  edaphic	  groups,	  as	  confirmed	  by	  observed	  heterozygosity	  values,	  ranging	  from	  0,333	  to	  0,417	  for	  serpentine	  populations	  and	  from	  0,19	  to	  0,424	  for	  limestone	  ones;	  also	   the	  mean	   value	   of	   heterozygosity	   for	   both	   edaphic	   groups	   are	   similar	   underlining	   a	  comparable	  pattern	  of	  allelic	  frequencies.	  Even	  the	  expected	  heterozygosity	  was	  high	  in	  all	  populations.	   According	   to	   this,	   populations	   showed	   a	   positive	   level	   of	   F	   (0,302	   for	   both	  serpentine	   and	   limestone	   populations)	   and	   f	   (0,240,	   0,247	   for	   serpentine	   and	   limestone	  groups)	   indices	   likely	   due	   to	   some	   inbreeding	   rate	   related	   to	   the	   small	   size	   of	   sampled	  populations.	  Our	   results	   proved	   that	   there	   was	   not	   a	   reduction	   of	   genetic	   diversity	   in	   serpentine	  populations,	   and	   that	   the	   level	   of	   diversity	   is	   similar	   among	   serpentine	   and	   limestone	  populations.	   This	   was	   in	   accordance	   with	   previous	   study	   on	   populations	   of	   Dianthus	  































The	   key	   role	   of	   edaphic	   factor	   in	   addressing	   phenotypic	   variation	   in	   plants	   is	   well	  documented.	  However,	   it	   could	  depend	  on	  genotype	  plasticity	   (to	   alter	   the	  phenotype	   in	  response	   to	   environmental	   cues,	   without	   changing	   in	   allele	   frequencies),	   on	   divergent	  selection	  that	  promotes	  the	  evolution	  of	  traits	  adapted	  to	  a	  specific	  habitat.	  Based	   on	   our	   results	   on	   genetic	   and	   phenotypic	   differentiation	   among	   populations	   of	  D.	  
sylvestris	  living	  on	  serpentine	  and	  limestone	  soils,	  we	  can	  address	  the	  following	  questions.	  
- What	   are	   the	   gene	   flow	   dynamics	   governing	   the	   exchange	   of	   migrants	   between	  
populations	   from	   serpentine	   and	   limestone	   soils?	   What	   are	   the	   levels	   of	   genetic	  
variability	   within	   each	   population	   and	   among	   populations?	   Are	   there	   barriers	   that	  





factors	  at	  small	  spatial	  scale.	  In	  such	  condition,	  genetic	  variability	  plays	  an	  important	  role	  in	   favouring	   the	  best	  allelic	  pattern	   for	  plant	  survival	  and	  adaptation.	   	  A	  population	  with	  low	  levels	  of	  genetic	  variation	  for	  ecologically	  relevant	  traits	  would	  have	  a	  reduced	  ability	  to	  adapt	   to	  adverse	  environmental	   conditions	  because	  genetic	  variation	   is	   a	  prerequisite	  for	   adaptive	   evolution	   by	   natural	   selection	   (Slatkin,	   1987;	   Hoffmann	   and	   Blows,	   1994;	  Gomulkiewicz	   et	   al.,	   1999;	   Barton,	   2001;	   Lenormand,	   2002;	   Blows	   and	  Hoffmann,	   2005;	  Kellermann	   et	   al.,	   2009).	   In	   those	   cases	   where	   gene	   flow	   can	   have	   a	   facilitating	   rescue	  effect	   on	   adaptation,	   it	   is	   possible	   that	   the	   negative	   effects	   of	   gene	   flow	   (transfer	   of	  maladaptative	  genes)	  are	  masked	  by	  genetic	  variation	  and	  beneficial	  mutations	  provided	  by	   the	  same	  dispersers,	   thus	  helping	   in	  maintaining	   the	  adaptive	  potential	   (Lande,	  1995;	  Holt	   and	  Gomulkiewicz,	  1997;	  Gomulkiewicz	  et	   al.,	   1999;	  Holt,	  2003;	  Garant	  et	   al.,	   2006;	  Holt	  et	  al.,	  2011).	  	  According	   to	   theory,	   the	  ability	  of	  a	  population	   to	  adapt	   to	   local	  conditions	   in	   the	   face	  of	  gene	   flow	   depends	   on	   the	   genetic	   basis	   of	   the	   involved	   traits	   (Haldane,	   1930;	   Bulmer,	  1972;	   Yeaman	   &	   Otto,	   2011).	   Yeaman	   showed	   that	   local	   adaptation	   occurs	   much	   more	  readily	  with	  alleles	  of	  large	  effect,	  which	  show	  greater	  differentiation	  of	  allele	  frequencies	  under	  divergent	  selection	  (Hedrick	  et	  al.	  1976).	  Furthermore,	  alleles	  with	  strong	  effects	  are	  less	   likely	   to	  be	   lost	  by	  drift	   (Crow	  &	  Kimura	  1970)	  and	   loci	  with	   large	  effects	  on	   fitness	  should	  disproportionally	  contribute	  to	  local	  adaptation	  (Macnair	  1991).	  This	  is	  the	  case	  in	  the	   classic	   study	   of	   local	   adaptation	   of	   plants	   to	   sites	   contaminated	   with	   heavy	   metals	  (Macnair	  1987,	  1991).	  Similarly,	  an	  oligogenic	  basis	  of	  adaptation	  may	  justify	  the	  results	  of	  





- What	  are	  the	  differences	  in	  the	  accumulation	  of	  heavy	  metals	  in	  serpentine	  and	  
limestone	  populations	  compared	  with	  concentrations	  of	  metals	  in	  the	  soil?	  The	   content	   of	   heavy	  metals	   in	   soils	   of	   origins	   of	   examined	   populations	   confirmed	   that	  concentrations	  of	  heavy	  metals	  were	  higher	  in	  serpentine	  than	  in	  calcareous	  soils.	  The	  metal	   content	   in	   the	  aerial	  part	   serpentine	  examined	  plants	  was	   significantly	  higher	  than	  in	  limestone	  ones.	  According	  to	  these	  results,	  common	  garden	  experiment	  highlighted	  a	  significant	  difference	  in	  heavy	  metal	  content	  in	  leaves	  of	  serpentine	  plants	  compared	  to	  limestone	   ones.	   However,	   fractioned	   analysis	   of	   the	   metal	   content	   in	   roots,	   stems	   and	  leaves,	  of	  both	  serpentine	  and	  limestone	  plants,	  displayed	  that	  accumulation	  was	  mainly	  in	  the	   hypogeal	   portion	   of	   both	   serpentine	   and	   limestone	   plants:	   significant	   differences	  between	   leaves	   and	   roots	   content	  were	   found	   in	   both	   edaphic	   groups,	   but	   no	   difference	  between	   groups	   was	   found	   at	   hypogeal	   level.	   This	   suggests	   that	   plant	   accumulation	   of	  metal	   in	   serpentine	   and	   limestone	   soil	   is	   not	   a	   genetically	   controlled	   trait	   (i.e.	   plants	  accumulate	  only	  depending	  on	  soil	  heavy	  metal	   concentration),	   although	   it	   is	  possible	   to	  suppose	  a	  genetic	  differentiation	  in	  the	  translocation	  system	  (roots	  /	   leaves).	  In	  addition,	  the	   results	   suggest	   that	   D.	   sylvestris	   mainly	   shows	   an	   exclusionary	   strategy	   limiting	  translocation	  of	  metals	  to	  leaves.	  	  
- What	  is	  the	  relationship	  with	  habitat	  of	  local	  populations	  compared	  to	  non-­‐local	  
populations?	   The	   differences	   in	   traits	   between	  populations	   are	   due	   to	   genetic	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